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ABSTRACT
The Cerenkov em ission f o r  a fa s t  magnetic charge is  enhanced
by the r e f r a c t i v e  index squared r e la t i v e  to  th a t  f o r  a s im i la r
po le  s tre n g th  e l e c t r i c  charge, whereas the io n iz a t io n  energy loss
is  expected to  be the same. Th is  experiment d is t in g u is h e d  fa s t
magnetic charges by comparing the Cerenkov and s c i n t i l l a t i o n  pu lse
a n p l i tu d e s  from s in g le  p a r t i c le s .  A L u c ite  Cerenkov counte r
(£ m area) was sandwiched between two p la s t i c  s c i n t i l l a t i o n  counters
and accepted 0.027 s te ra d ia n s .  D is c r im in a to rs  accepted o n ly  events
in which the s c i n t i l l a t i o n  pu lses matched w i t h in  70% to  30% from .7x
to  2x minimum io n iz a t io n  re s p e c t iv e ly .  The two s c i n t i l l a t i o n  coun te r
pu lses were added to  p ro v id e  a s in g le  measure o f  the io n iz a t io n
2
energy loss f o r  comparison w i th  the Cerenkov p u lse . Two £ m s ide
shower counte rs  d is c r im in a te d  a g a in s t e x te n s ive  a i r  showers. The
two pulse am plitudes were analyzed by a pu lse  h e ig h t ana lyzer and
recorded on to  paper tape f o r  computer data a n a ly s is .  Events were
d isp la yed  as event frequency versus C e re n k o v /s c in t1 1 la t io n  pu lse
am plitude  r a t i o .  W ith  the fa s t  charged p a r t i c l e  r a t i o  norm alized
to  u n i t y ,  the fa s t  monopole r a t i o  should be (1 .5 )  . 10,000 events
were recorded. T re a t in g  the C e r e n k o v /s c in t i I la t io n  r a t i o  h is togram
as a s u p e rp o s it io n  o f  an e l e c t r i c  charge d i s t r i b u t i o n  and a magnetic
charge d i s t r i b u t i o n  y ie ld s  an upper l i m i t  on the f l u x  o f  magnetic
“ 6 ~2 “ 1 “ 1charges from . 7x to  2x minimum io n iz a t io n  o f  4 .0  x 10 cm sec s ta r  .




D irac ' f i r s t  suggested th a t  the ex is tence  o f  a magnetic 
monopole would lead to  the q u a n t iz a t io n  o f  charge. Since the 
d is c re te  nature o f  the e l e c t r i c  charge Is not a consequence o f  
M axwe ll 's  equations but indeed must stem from a separate con­
s id e ra t io n ,  such a suggestion gave r is e  to  a number o f  papers on 
the sub jec t.  D ira c 's  q u a n t iz a t io n  c o n d it io n  in  Heaviside 
Lorentz u n i ts  is
eg *  i  r i le . 1.1
2 1g is  the magnetic charge and n is  an in te g e r .  Using e ■ ( j ^ ) h c ,  
the r a t io :  magnetic c h a rg e /e le c t r ic  charge is
9/e -  ( -4 * )  n. 1.2
A more meaningful comparison is  th a t  o f  the square o f  the magnetic
137 2 2and e l e c t r i c  charges which would be n . This means th a t
i f  we use a magnetic Coulomb law, the fo rce  between two fundamental 
magnetic charges would be as la rge  as th a t  between two e l e c t r i c  
charges o f  magnitude ne using equal separa tions . In th is
sense we say th a t  the sm a lles t po le  s tre n g th  magnetic charge 
p re d ic te d  by D irac would be 68.5 times la rg e r  than th a t  o f  the 
e le c t ro n  (n ■ 1).
1
D ira c 's  suggestion gave r is e  to  many a c c e le ra to r  and cosmic
2-9ray searches fo r  t h is  new p a r t i c le .  The cosmic ray experiments
r e ly  on the in te ra c t io n s  o f  p r im ary  p a r t i c le s  fo r  monopole
p ro d u c t io n  and have no e s ta b l ish e d  k inem atic  l i m i t  on the mass o f
the monopole produced. A c c e le ra to r  experiments are l im i te d  by the
2
a v a i la b le  energy to  monopoles w ith  masses less than 3 Bev/c .
2
A p io nee r ing  cosmic ray experiment was done by Malkus in  
which he attempted to  de tec t monopoles the rm a lized  by the atmosphere.
A so leno ida l magnet was used to  c o l le c t  and a c ce le ra te  the monopoles 
through emulsions. The expected high po le  s tre n g th  o f  these 
monopoles would a l lo w  them to be acce le ra ted  from thermal v e lo c i t ie s  
to  several hundred Mev. along the core o f  a one meter long so leno id . 
The negative  re s u l t  set an upper l i m i t  o f  10 ^®cm ^sec * the rm a lized  
monopoles present a t the e a r th 's  surface.
Assuming a the rm a lized  monopole t ra p p in g  p ro p e r ty  o f  f e r r o -
7
magnetic m a te r ia ls ,  Goto, Kolm and Ford attempted to  e x t ra c t  
monopoles from m e teo r ites  and o th e r magnetic ou tc rops. The re s u l ts  
were negative .
g
More re c e n t ly ,  C a r i th e rs ,  S te fansk i and A da ir^  completed a
s o p h is t ic a te d  ve rs ion  o f  the Malkus experiment us ing  a la rg e r
so leno ida l magnet and adding a spark chamber. They observed no
monopole candidates in  1200 hours and set an upper l i m i t  on the f l u x
_ ] l  _2
o f  thermal ized monopoles a t the e a r t h 's  su rface  o f  3 .3 ^  x 10 cm sec
The a c c e le ra to r  searches Inc lude th a t  by Amaldi e t al in 
which he attempted to  e x t r a c t  monopoles produced in  va r ious  ta rg e ts  
by 27 Bev pro tons. The ta rg e t  was mounted between the poles o f  a 
magnet producing a f i e l d  pe rpe nd icu la r  to  the beam. The monopoles 
were to  be acce le ra ted  through emulsions. Negative re s u l ts  were 
obta ined.
1+
P u rce ll  e t  a l attempted to  produce monopoles from 30 Bev 
pro tons on a metal ta rg e t .  Those produced were expected to  be 
moderated in an o i l  ba th, e x tra c te d  p e rp e n d icu la r  to  the beam by 
a magnet and acce le ra ted  through emulsions. The negative  re s u l t  
in d ica te d  no monopoles were produced below 3 nucleon masses.
In summary, the c ro s s -s e c t io n s  fo r  p rodu c t ion  have been
- 1*0e s ta b l ish e d  by cosmic ray experiments as being less than 3 x 10 cm
2
and by a c c e le ra to r  experiments (masses below 3 Bev/c )as being
- 1*0 2less  than 0 .5  x 10 cm .
In a l l  o f  the experim ents, the tra p p in g  o f  the the rm a lized  
monopoles and t h e i r  d e te c t io n  have depended on the expected high 
io n iz a t io n  energy loss im p lie d  by D ira c 's  p re d ic te d  h igh po le  
s tre n g th .  The io n iz a t io n  is  p ro p o r t io n a l to  the square o f  the po le 
s tre n g th  meaning the monopole should ion ize  n e a r ly  1*700 times as 
h e a v i ly  as a s in g le  e l e c t r i c  charge. I t  should be mentioned th a t  
S ch w in g e r^  In a recent work has rev ised  D ira c 's  q u a n t iz a t io n  to  
o b ta in  g/e -  I37n. Th is  doubles the expected po le  s tre n g th  and
k
increases the expected io n iz a t io n  by fo u r.  Emulsions were used
fo r  d e te c t io n  because D ira c * '  suggested th a t  the monopole could be
d is t in g u is h e d  from a charge by the la ck  o f  an increase in the
io n iz a t io n  toward the end o f  the tra c k .
12A method fo r  d e te c t in g  fa s t  magnetic charges by t h e i r  Cerenkov
emission has been proposed, The emission from two d i f f e r e n t  Cerenkov
ra d ia to rs  is  compared to  d is t in g u is h  a monopole from a charge. This
13method is discussed fu r th e r  in Chap, I I .  A second method fo r  
d e te c t in g  fa s t  monopoles using a s c i n t i l l a t i o n  counter and a Cerenkov 
counter has a lso  been presented. Th is method has been the bas is  fo r  
t h is  experiment and is  described in  d e ta i l  in  the fo l lo w in g  chapter. 
Th is search fo r  the magnetic charge was in the range from .7 to  2X 
minimum io n iz a t io n  and was done fo r  the fo l lo w in g  reasons: (1) a
small po le s tre n g th  search is  the on Iy  meaningful cosmic ray search 
at sea leve l f o r  a fa s t  monopole, (2) t h is  range a f fo rd e d  a thorough 
examination o f  the experimenta l technique s ince i t  in r lu d e d  the 
high f lu x  o f  minimum io n iz in g  p a r t i c le s ,  (3) no search fo r  the 
monopole has been done In th is  re g ion , (4) a fa s t  small po le 
s tre ng th  monopole could not have been trapped, nor acce le ra ted  
a p p re c ia b ly  and would not have shown up in prev ious monopole searches. 
A lso , a minimum io n iz in g  magnetic charge would not show up as an 
anomaly in p a r t i c le  experiments i f  the f lu x  was very small compared 
to  beam f lu x e s  o r  the minimum io n iz a t io n  f lu x .
Chapter 11 
ENERGY LOSS CALCULATIONS
The proposed monopole d e te c t io n  method compares the to ta l  
energy loss ra te  in  a s c i n t i l l a t i n g  medium and the Cerenkov energy 
loss ra te  in  a Cerenkov r a d ia to r  f o r  s in g le  fa s t  p a r t i c le s .  F i r s t  
we s h a l l  c a lc u la te  the t o t a l  energy lo ss .
1. To ta l Energy Loss
12M axw e ll 's  equations  w i th  magnetic p o in t  sources are
where and p are magnetic c u r re n t  and magnetic charge d e n s ity  
re s p e c t iv e ly .  A lso
I  j I I  . Ic m
7 x H - I 1. 2
V . D -  4ffq I I .3
7 * B ■ Urrp 11 A
5 -  cE ; B - 11.5
These equations are in v a r ia n t  under the s u b s t i tu t io n s ;
5
6
B -» D and D -* -B 11 .6
H -• E and E -» -H 11.7
J -* J and J -* -Jm m M .8
p -* q and q -* -p 11.9
H -» c and c fi 11.10
For a charged p a r t i c le  passing through a medium w ith  a v e lo c i t y  
.14
v, Fermi ca lcu la te® the  Poynting f l u x  through a u n i t  leng th  o f  a 
c y l in d e r  o f  rad ius b to  be
W b '  f r  Re ^  ^1JV o % c
X Kq (k ( - l / )b )  K ^ k ^ A )  dV 11.11
where K and K, are m od if ied  Bessel fu n c t io n s .  Th is  inc ludes o n lyo 1
energy losses a t  d is tances  g re a te r  than b from the p a r t i c l e  pa th . 
When th is  is  re c a lc u la te d  in c lu d in g  the magnetic p e rm e a b i l i ty  one 
ob ta ins
Us ing I 1.6 -» 10, 11.1 2 becomes, f o r  a monopole
wb * i 2 r R e ]  ll,k*  Kok l *ffv o ^  c
11.13
7
Now i f  r) is  the o s c i l l a t o r  damping constant associa ted w i th  the
medium and x ■ k b we may w r i t e  the complex p e r m ) t t i v l t t y  in
14terms o f  the low frequency p e r m i t t i v i t t y  as
«■ -  c■ -  V  2 l l »* M . H
I -  x -  2iTJx
For convenience we a lso  in troduce
2 2 2 2 2 _ 4ffe , c x _ c Ufv
9 -  y , r .  < T  M) ; •  -  }
me ( f - 1 )  v c -  fiv
To cons ider c lose  c o l l i s i o n  energy losses , we use a small b and 
rep lace the m od if ied  Bessel fu n c t io n s  by t h e i r  small argument 
approx im ations. Using 11.14, g, and a, we get fo r  the to ta l  energy 
loss o f  a monopole
^ o o  2 2
\ - - T -  "«  J C < 5 - T >  * h <  i ' ( '‘  f l '  O ** c '  c *  1 “ X -2 lt )x
2 2
X [Xn ** .  2 -Xn - — ~ “ 2lT?x .  2Xn x ]  ixdx .
3.17s b l - x - 2 1 f j x
11.15
Using the approx im ation  th a t  / i  remains con s ta n t,  we may in te g ra te
11.15 to  o b ta in
2 .  2 2 2 2 2 .„  _ a  2ne f  r v . v  . , mv i .  v . e-1
b — r ~  h  + t  l n  (7 T T 2  2 ' ~ i  i n , , i ,  2mv c c 3 .1 7b ffne c 1 - j iv  / c
■ ta n - l  ( i l i n f l l )  ]  f o r  . > 0 .  11.16
c d - n  ) *  ”
8
2 2 2 2 2 2 2 
wb - < u = F  £. V V n ^ v V n l 4 v_ + 
mv c c 3-17b irne c c
2, _2 „ . 2  2 1 -
*  -  n l 2 -^  [ ( r ,2  ♦  -  f l ]
c -  JiV
2V 2T)2 i  tan ' ' < ~ 1 ---------^'-2— >1; ^ "  2-------2 " i )J  U J 7
C (1-17 ) Ct? +  (cjLtv -  c ) / ( c  -  ^ v  ) ] *
f o r  a < 0.
I f  we c a r ry  f o r th  the same c a lc u la t io n  beginn ing w i th  H .1 2 ,  we 
o b ta in  f o r  the to ta l  energy loss from a charge p  w i th  a v e lo c i t y  v ;
« „ -  f i - 2 l r -  f -  4 + *■ ■ ■ ~ y2 2 ♦
mv c 3.17b ffne e 0 -# iv / c )
2 i
“ - 2^  « 1 tan " 1(■(■» ) ) ]  fo r  a > 0 11.18
(< - u 2) 4 "
w -  0 2 2 ffn e 2  f .  I 2  +  i n  22L ______ +  1/ u  -  V 2 / C 2  x
b ™ 2 1 c2 J . I 7 b W
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Eq. 11.18 is  very much l i k e  eq. 11.16 as is eq. 11.19 l i k e  eq, 11.17. 
2 2The fa c to r  o f  v / c  be fore most o f  the terms o f  11,16 and 11.17 
would in d ic a te  th a t  the r a t i o  o f  the t o ta l  energy loss o f  a monopole 
to  a charge might be
wb(a) „ 2 fl2
„ S L f
P
That t h is  is an estim ate  o f  the energy loss r a t i o  may be seen by the 
fo l lo w in g  c o n s id e r a t io n s ^ .  A charge p  w i th  v e lo c i t y  v produces in 
the re s t  frame o f  a medium a transverse  e l e c t r i c  f i e l d  (n e g le c t in g  
p o la r iz a t io n )  g iven by
E ( p >  W  r -575 H -20
C (yv t)  + y ] 3'
2 4
where y is the transverse  d is tance  and y  *  1/(1 — ) . A monopole 
produces the transverse  e le c t r i c  f i e l d
E(O')   Z & L  2-1 / 2  11 21
[ ( y v t )  + y 3
The transverse  momentum and energy Imparted to  an e le c t ro n  are
P -  e j  Edt ; £  -  ^  11.22
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where m Is the e le c t ro n  mass. Using 11.20, 21 and 22 we have fo r  a 
monopole and charge o f  the same v e lo c i t y
The to ta l  energy loss ra te  fo r  a monopole and a charge o f  the same 
po le  s tre n g th  is g r a p h ic a l ly  d isp layed in F ig . 1. The important 
r e s u l t  is  th a t  in  the l i m i t  as /3 -* 1, the energy loss  ra te  from 
the charge and monopole become the same.
The standard measure o f  the energy loss ra te  is  a measure o f  
the io n iz a t io n  energy lo ss . We must ask here whether the p o r t io n  
o f  the to ta l  energy lo ss ,  which appears as s c i n t i l l a t i o n  is the same 
fo r  a fa s t  monopole as fo r  a fa s t  charge. These p o r t io n s  may be 
q u i te  d i f f e r e n t  due to  the d i f fe re n c e  in the e le c trom agn e tic  f i e ld s .  
The f ie ld s  are c a lc u la te d  In Appendix I .  An important assumption 
made in  th is  method is  th a t  these p o r t io n s  are approx im ate ly  the 
same. Th is  w i l l  be discussed fu r th e r .
2. Cerenkov Energy Loss
To o b ta in  the Cerenkov em ission, consider 11.13 In the l i m i t  
as b becomes I n f i n i t e l y  la rg e . Using the la rg e  argument asym to tlc  




For a charge th is  equation is
11.25
' 2 *
Now k ■ (p /v )  [  1 -  ] *  so th a t  k is p o s i t iv e  and rea l f o r
l  c i
v < c / ( f ' / i ) 2 and imaginary fo r  v > c/(c'/Lt) . There fo re , f o r
v < c / ( e ' / i ) ^  or v < c 1 where c ‘ is the v e lo c i t y  o f  l i g h t  in  the
medium, k is  real and the integrands o f  11 .2*+ and 11.25 van ish as 
becomes i n f i n i t e .  For v >  c ' ,  I I .2 A  and 11.25 become
emission is  to  be observed by p h o to m u l t ip l ie r  tubes which respond 
to  a l im i te d  frequency range as shown in F ig . 3. I f  we l e t  K {v) 
take in to  account the l i g h t  c o l le c t io n  e f f ic ie n c y  o f  the counter 
and the quantum e f f ic ie n c y  o f  the  p h o to m u l t ip l ie r  tube (PMT), we 




where is  the frequency fo r  which v ■ c . The Cerenkov
12
I f  K (w ), c ‘ {v) and / i(p )  are constan t over the l im i te d  frequency 
range, we f in d
D iv id in g  11,30 by 11.31, we see th a t  the r a t i o  o f  Cerenkov emission 
f o r  a fa s t  monopole and charge w ith  the same speed and t r a je c to r y  
is  g iven by
Th is  in d ic a te s  th a t  f o r  s im i la r  po le  s tre n g th s  the Cerenkov em ission 
from a magnetic monopole is  enhanced by a fa c to r  o f  over th a t
fo r  an e l e c t r i c  charge. Th is  is  f o r  the ideal case o f  a f l a t  
d is p e rs io n  curve from Pj to  i ^ .  I f  the d is p e rs io n  curve va r ie s  
a p p re c ia b ly  over the PMT response range, t h i s  s im p ly  means th a t  we 
must in te g ra te  over th is  curve to  o b ta in  the expected Cerenkov 
em ission. We may describe  the medium by an e f f e c t i v e  p e r m i t t i v i t t y  
e which would in d ic a te  the t ru e  r a t i o  f o r  11.32. From F ig . 3 we
see th a t  the PMT response Is much l i k e  a window from 3200 A to  
o i£
6100 A . The index o f  r e f r a c t io n  o f  media are no rm a lly  quoted fo r
o






d is p e rs io n ,  the index w i l l  u s u a l ly  increase fo r  sh o rte r  wavelengths.
2
Th is  in d ica te s  th a t n is  a reasonable lower l i m i t  on the enhance­
ment o f  monopole Cerenkov em ission over charge Cerenkov em ission. 
L u c ite  has these o p t ic a l  p ro p e r t ie s  as can be seen from F ig . k.
The s o l id  p o r t io n  o f  the curve was con s truc ted  using the v  value
I g
o f  kS fo r  lu c i t e  . Th is q u a n t i ty  Is  de fined  by
V « ( np -  l ) / (  np -  n£) I I  .33
where D,F, and C are Fraunhafer spec tra l l in e s .  The do tted  p o r t io n  
o f  the curve is  an e s t im a t io n  assuming lu c i t e  to  be s im i la r  to  
crown g lass . The e f f e c t iv e  r e f r a c t iv e  index o f  lu c i t e  Is 1.5 g iv in g  
a Cerenkov enhancement o f  2.25 fo r  monopoles. L u c i te  is  a lso  
p a r t i c u la r l y  transpa ren t (see F ig . k) ^  and easy to  cu t to  the 
chosen counter shape. Consequently lu c i t e  was chosen fo r  the 
Cerenkov r a d ia to r .
3. Monopole D etec tion  -  Method I I .
Fast charges and monopoles w ith  the same pole s tre n g th  and
v e lo c i t y  should have the same to ta l  energy loss ra te  whereas the
2
Cerenkov energy loss should be enhanced by n fo r  monopoles 
(see F ig . 1). There fo re  i f ,  fo r  s in g le  fa s t  p a r t i c le s ,  the t o ta l  
energy loss ra te  is  measured by a s c i n t i l l a t i o n  counter, and the 
Cerenkov energy loss is  measured in  a l u c i t e  Cerenkov coun te r, the 
C e re n k o v /s c in t i11 a t ion r a t i o  fo r  a fa s t  monopole should be 2.25 
times as g rea t as the r a t i o  fo r  a fa s t  charge. The p re d ic te d  r a t io s  
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F ig . 1. T o ta l energy loss and Cerenkov emission. Curves a and b are drawn to  a 
d i f f e r e n t  scale than curves c and d. Curves a and b are c h a ra c te r is t ic  
o f  l iq u id  o r  s o l id  s c in t i l l a t io n - c o u n te r  m a te r ia ls  and curves c and d are 
based on Luc ite . Curve a, t o t a l  energy loss from c h a rg e ^ ;  curve b, t o t a l  
energy loss from monopole a* where = P  ; curve c, Cerenkov emission 
















2 3 4 5 30 40 5020 10010
F ig .  2. (Cerenkov p u ls e / s c in t i l l a t io n  pulse) r a t io s  versus y . The a r b i t r a r y  
sca le  is  due to  the fa c t  th a t  the absolute  pulse r a t io  obtained from, 
say, charges depends on the phys ica l dimensions o f  the counters.
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WAVELENGTH —  ANGSTROMS
Fig . 3> Transmission c h a ra c te r is t ic s .  The do tted  l in e  is  Luc ite  and the s o l id  l in e  
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F ig . **.
1  
65003500 4000  4500 5000  5500 600 0
WAVELENGTH -  ANGSTROMS
D ispers ion  curve f o r  Luc ite . The do tted p o r t io n  is  an in te rp o la t io n  assuming 
s im i la r  o p t ic a l  p ro p e r t ie s  o f L u c i te  and Z inc crown glass.
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From th is  f ig u re  we see th a t  the o n ly  am bigu ity  a r is in g  is th a t  a 
slow monopole may look l i k e  a charge. I f  the r a t i o  is  determined 
fo r  a la rge number o f  s in g le  p a r t i c le s  and a h istogram  o f  r a t i o  
versus number o f  events p lo t te d ,  the monopole should show up a t  a 
r a t i o  o f  2.25 times the predominant r a t i o  peak determined by the 
h igh f l u x  o f  fa s t  charged p a r t i c le s .  The main re s u l t  which makes 
Method I I  p a r t i c u la r l y  a p p ro p r ia te  fo r  a search in  the small po le  
s tre n g th  range is the la rge  separa tion  in expected r a t io s .
Method I I  has the fo l lo w in g  disadvantages. F i r s t ,  i t  was 
assumed th a t fo r  fa s t  charges and monopoles, the same p o r t io n  o f  the 
to ta l  energy loss appears as s c i n t i l l a t i o n .  As in d ica te d  p re v io u s ly ,  
t h i s  may not be the case (See Appendix l ) .  Secondly, p la s t i c  
s c i n t i l l a t i n g  m a te r ia l begins s a tu ra t in g  a t lOx minimum io n iz a t io n  
and the response is  n e a r ly  lo g a r i th m ic  a t lOOx minimum. Although 
c a l ib r a t io n  could c o r re c t  fo r  t h is  n o n - l in e a r  response, the loss 
in re s o lu t io n  is  severe. Th is  l im i t s  method I I  to  small po le 
s tre n g th s .
12N e ithe r o f  these disadvantages a r is e  fo r  Method I . In i t  
the Cerenkov emission in two media w i th  p e r m i t t i v i t t i e s  and 
is  measured fo r  s in g le  p a r t i c le s  d i r e c t l y  by the p h o to m u l t ip l ie r  
tubes. Again the monopole Is d is t in g u is h e d  by a c h a r a c te r is t ic  
r a t i o .  From 11.30 and 11.31 one may e a s i ly  make the e n t r ie s  fo r  
Table I .  We have th a t
fiuC




Since the p e rm e a b i l i ty  is  n e a r ly  u n i t y ,  the r a t i o  is  determined by 
C /€. . Th is  method has the am bigu ity  th a t  a slow charge may lookd D
l ik e  a monopole. Th is  makes i t  im perative  th a t  slow charges be 
e l im in a te d  as monopole candidates.
TABLE I
Monopole ^ b ^ ~ c a ^
Charge
V f - V M 2)
O '0 2 ,  1-e ' n j 2
Charged nonopole [ f f   > + P {— 7 ? ------) ]
w i th  po le s tre n g th  -----------------------^----------------------- 2----
o  and charge p 2 ' ^ ^  2 ( ' ~ W  .3
P «b '
Th is  ta b le  l i s t s  Cerenkov pu lse -a m p litud e  r a t io s  from a matched 
p a ir  o f  counters w ith  p e r m i t t i v i t t l e s  c ' f  1 end p e rm e a b i l i t ie s ,  
M * Wl. which are considered constant over the sp e c tra l response 
b ind  o f  the  coun te r.
Chapter 111 
APPARATUS
The monopole d e te c t io n  method described in Chapter I I  requ ires  
the fo l lo w in g  bas ic  u n i t s :  ( 1) a t o t a l  energy loss d e te c to r ,
(2) a Cerenkov emission d e te c t io n ,  (3) a lo g ic  u n i t  to  s e le c t  s in g le  
p a r t i c l e s  and (k) a mult iparameter  measuring system capable o f  
measuring two simultaneous vo l tage  pu lses .  Each o f  these u n i t s  was 
designed and construc ted  in the la b o ra to ry  and w i l l  be described 
in d e t a i 1.
1. S c i n t i l l a t i o n  Counter Cons t ruc t ion .
Five counters  were used in the experiment,  two a n t i - c o in c id e n c e
s c i n t i l l a t i o n  shower counters ,  a Cerenkov counter and two s c i n t i l l a t i o n
counters f o r  coincidence lo g ic  and i o n iz a t io n  energy loss measurements.
The l a t t e r  two s c i n t i l l a t i o n  counters  were one inch t h i c k  by £m x £m
and made up o f  fou r  £ - in c h  sheets o f  NE-102^  p l a s t i c  s c i n t i l l a t o r
20bonded toge ther  w i th  RTV-602 c le a r  s i l i c o n e  p o t t i n g  compound.
One inch t h i c k  t r i a n g u la r  l i g h t  p ipes o f  po l ished  l u c i t e  coupled the
fo u r  edges o f  the s c i n t i l l a t o r  to  two inch RCA-6342-A p h o to m u l t i p l i e r  
21tubes as shown in F ig .  5. The l i g h t  p ipes were o p t i c a l l y  coupled 
to  the s c i n t i l l a t o r  w i th  a £ “ tnch laye r  o f  the c le a r  s i l i c o n e  p o t t i n g  
compound. I t  was found th a t  t h i n  layers  p u l le d  loose w i t h  the 
s l i g h t e s t  v i b r a t i o n .  The l i g h t  pipes were o p t i c a l l y  coupled to  the 
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To ob ta in  the g rea tes t  u n i f o r m i t y  o f  response over the e n t i r e
s e n s i t i v e  area o f  the counte rs ,  the PMT gains had to  be matched.
The PMT gain is a l i n e a r  fu n c t io n  o f  the supply v o l ta g e .  A v a r ia b le
high res is tance  in se r ie s  w i th  the PMT supply vo l tage  f o r  each PMT
c o n t r o l l e d  the gains o f  the tubes (See Appendix V I I I  . 3 ) .  A PEK-118
23nanosecond l i g h t  source which emits  a k nanosecond l i g h t  pulse 
w i th  a v a r i a t i o n  o f  less than 5% was used to  match the tube ga ins.
The l i g h t  source was mounted in the end o f  a l i g h t - t i g h t  box fac ing  
a s in g le  PMT ho lder .  With the l i g h t  source supply vo l tage  cons tan t ,  
the pu lse he igh t  d i s t r i b u t i o n s  from the fou r  PMT's to  be used in 
one counter were requ i red  to  co inc id e  on the d is p la y  o f  a RIDL
2i<
Model 3^-8 200 channel pu lse he igh t  ana lyzer .  The PMT pulses were 
taken o f f  the l a s t  dynode and were p o s i t i v e  (See Appendix V I I I  . 3 ) .  
Once the tubes were matched, they were p o s i t io n e d  in the counters .
The fou r  preamp pulses were added (See OR c i r c u i t ,  Appendix VI11 .2) 
t o  g ive  a s in g le  ou tpu t  pu lse  f o r  each counter .  The counters  were 
housed in l i g h t - t i g h t  wooden boxes 5 inches deep by 5 fe e t  square.
The u n i f o r m i t y  o f  response o f  these counters  over t h e i r  e n t i r e  
s e n s i t i v e  area was checked in the fo l l o w in g  way. Small s c i n t i l l a t i o n  
"p robes"  were cons t ruc ted  which cons is ted  o f  a s in g le  two- inch PMT 
d i r e c t l y  coupled to  the edge o f  a 1 inch x 6 inch x 6 inch lam ina t ion  
o f  s c i n t i l l a t o r  housed in a sheet metal c o n ta ine r .  T he i r  s e n s i t i v e  
area equa l led  almost e x a c t l y  1/9  t h a t  o f  the la rge  s c i n t i l l a t i o n  
counters .  The s c i n t i l l a t i o n  counters  were marked o f f  In to  n ine equal 
p a r t s .  Two s c i n t i l l a t i o n  probes separated by 39 inches were placed
above and below one p a r t  o f  the counter and a coincidence pulse 
from these two probes gated the pu lse he igh t  ana lyzer .  The 39 ** 
inch separa t ion  c lo s e ly  s imulated the s o l i d  angle accepted by the 
s c i n t i l l a t i o n  counters  in the experiment.  Nine minimum io n iz in g  
spectra were accumulated and compared f o r  v a r i a t i o n  o f  the maximum 
and the standard d e v ia t io n .  R e la t ive  to  the average maximum, the 
v a r i a t i o n  was ± 5%. The standard d e v ia t io n  v a r i a t i o n  was n e g l i g i b l e
2. Cerenkov Counter Cons t ruc t ion .
The fo l l o w in g  con s ide ra t ions  o f  tne p r o p e r t ie s  o f  Cerenkov 
em it ted  l i g h t  In f luenced the design o f  the Cerenkov counter .  An 
express ion f o r  the Cerenkov emission from a f a s t  charged p a r t i c l e  is
Hence f o r  a medium o f  I n f i n i t e  ex tens ion ,  the r a d ia t i o n  is  em it ted  
a t  the Cerenkov ang le ,  0c :
For the case o f  a s lab o f  d i e l e c t r i c ,  the fu n c t io n  s t i l l  peaks
2
I I I . I
The in te g ra l  is  a D irac  d e l ta  fu n c t io n .  Then
i n . 2
COS 0  ■   T  “  ' S ~ 111.3
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sharp ly  a t  Q . The v a r i a t i o n  in the Cerenkov emission angles comes c
p r im a r i l y  from the v a r i a t i o n  in the index o f  r e f r a c t i o n  w i th  wave­
length.  From F ig .  4 we see th a t  the v a r i a t i o n  in the index o f  
r e f r a c t i o n  over the response window o f  the PMT is from 1.515 to
1.489. Hence, f o r  /9 ■ 1, the spread in the emission angle 0^ is  
from 48°39‘ to  4 / 4 9 ' .  The c r i t i c a l  angle f o r  in te rn a l  r e f l e c t i o n  
in l u c i t e  is 41°. There fo re ,  i f  the top and bottom o f  the l u c i t e  
s lab are po l ished  p a r a l l e l  l u c i t e - a i r  su r faces ,  l i g h t  em it ted  from 
a p a r t i c l e  e n te r in g  the l u c i t e  a long a normal to  the top w i l l  leave 
the medium unless 0c i  41° o r  /3 n .897 (See F ig .  7 ) .  This represents  
an e f f e c t i v e  method o f  d i s c r im in a t in g  aga ins t  slow p a r t i c l e s  but i t  
a lso  considers on ly  the ideal case. The counter a c t u a l l y  accepts 
p a r t i c l e s  up to  8°  o f f  the v e r t i c a l .  At  these extreme angles, on ly  
h a l f  the "cone" o f  l i g h t  em it ted  w i l l  be r e f l e c t e d  and c o l l e c te d  
even from very  fa s t  p a r t i c l e s .  Furthermore, i f  a p a r t i c l e  is  8°  
from the v e r t i c a l ,  the emission angle need be on ly  33°  to  have h a l f  
the "cone" o f  l i g h t  i n t e r n a l l y  r e f l e c te d .
The Cerenkov ra d ia to r  was cut from a 2 -3 /4  inch t h i c k  sheet o f  
po l ished  l u c i t e .  Two o f  the sides made an angle o f  45° w i th  the 
bottom o f  the counter as in F ig .  6 . The s lan ted  sides al lowed
i n t e r n a l l y  r e f l e c te d  l i g h t  to  leave the r a d ia to r  ne a r ly  normal to  the
21
sur face f o r  more e f f i c i e n t  o p t i c a l  coup l ing .  Three 5 - inch  RCA 8055
PMTs viewed each s ide o f  the counter .  Each tube was coupled by l u c i t e
l i g h t  p ipes to  v iew a inch by 4 inch area (F ig .  6) .  Dow Corning
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L u c i te  Cerenkov Counter
TOP VIEW
REFLECTION PROPERTIES
Fig .  6 . The Cerenkov Counter and i t s  
R e f l e c t i o n  P ro p e r t ie s .
r a d ia to r  and to  the PMTs. This coup l ing  increased the courucr o u t ­
put by 30% over th a t  f o r  a i r  cou p l ing .  The 6 PMT tube gains were 
matched and the s i x  p o s i t i v e  pulses added to  g ive a s in g le  ou tpu t  
pu lse from the Cerenkov counter .  Th is  counter  was housed in a l i g h t ­
t i g h t  wooden box 39 inches deep by 5 fe e t  square. The u n i f o r m i t y  
o f  response over the e n t i r e  s e n s i t i v e  area o f  t h i s  counter  was 
checked in the same manner as were the s c i n t i l l a t i o n  counters .
Although the s igna l  leve l  was cons iderab ly  Tower than th a t  o f  the 
s c i n t i l l a t i o n  counters fo r  minimum i o n iz a t i o n ,  the v a r i a t i o n  in the 
maximum fo r  nine spectra  was ±  5% o f  the average maximum and the 
h a l f  w id th  a t  h a l f  he igh t  was 28% o f  the maximum. I t  should be 
mentioned th a t  the minimum io n iz a t io n  spectrum w i th  no coincidence 
ga t ing  was out  o f  the no ise .  Th is  was due in p a r t  t o  the f a c t  th a t  
vrfien the 6 PMT pulses are added to g e th e r ,  the random noise leve l  is  
decreased by 6 whereas the noise frequency is  increased by 6 . However 
the s ignal  leve l  a lso  ind ica ted  a ve ry  good l i g h t  c o l l e c t i o n  
e f f i c i e n c y ,  in Appendix IX i t  is  shown th a t  the l i g h t  c o l l e c t i o n  
e f f i c i e n c y  was approx imate ly  **7 . 5%.
The Cerenkov counter was placed midway between the two s c i n t i l ­
l a t i o n  counters which were separated by 10 fe e t  as ind ica ted  In F ig .  7 
A l l  counters had a -Jm x ^m s e n s i t i v e  area. These counters were 
a l igned using a p a i r  o f  plumb bobs. They were suspended from two 
p o in ts  rep resen t ing  the oppos i te  corners o f  a ^m square. The a n t i -  
co inc idence counters  were a l igned  e f f e c t i v e l y  the same way. They 

































































Fig. 7* Experimental Block Diagram. The dotted l i n e  encloses the Main Logic Uni t .
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e l im in a te d  some edge e f f e c t s .  The an t i -co in c id e n c e  counters guarded 
the Cerenkov counter l i g h t  p ipes as i l l u s t r a t e d  In Ftg. 8 . This 
was necessary because the v e r t i c a l  path through the l i g h t  p ipes was 
over inches long. Consequently, i f  a p a r t i c l e  happened to  go 
through a l i g h t  p ipe c o in c id e n t  w i th  a p a r t i c l e  through the counter 
due to  an ex tens ive  shower, the Cerenkov enhancement would g ive a 
fa ls e  datum. Since t h i s  f a l s e  datum could look l i k e  a monopole 
such counts were e l im in a te d  by an t ico in c id en ce .
The i  m. s c i n t i l l a t i o n  counters separated by 10 fe e t  accepted 
a s o l i d  angle o f  0.027  s te rad ians .
3. Logic C i r c u i t r y .
The s in g le  pulse from the Cerenkov counter  c o n s t i t u te d  the 
Cerenkov energy loss measure. As was mentioned e a r l i e r ,  the 
coincidence s c i n t i l l a t i o n  counters  were used both f o r  i o n iz a t io n  
energy loss measurements and f o r  coincidence l o g ic .  The s ign a ls  
from the two s c i n t i l l a t i o n  counters were s p l i t  by BNC "T "  connectors . 
The two s ig n a ls  were added (See Appendix V I I I .  2, Pulse Adder) to  
p rov ide  a s in g le  s c i n t i l l a t i o n  pu lse .  Th is pu lse  and the Cerenkov 
pu lse were a m p l i f i e d  (Appendix IV) and fed t o  the two inputs  o f  a 
pu lse s to r in g  and sequencing u n i t  (Appendix V) .  The two s c i n t i l l a t i o n  
pulses were a lso  fed to two preamps in the main lo g ic  u n i t  (Appendix
I I .  5 ) .  The lo g ic  c i r c u i t r y  se lec ted  s in g le  p a r t i c l e s  by r e q u i r in g  
th a t  these two s c i n t i l l a t i o n  pulses meet the fo l l o w in g  requirements:
( 1) they be c o in c id e n t ,  ( 2) both pulses exceed the minimum io n iz a t io n  
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F ig . 8 . A n t i -C o inc idence  Guard Counter. The do t ted  
o u t l i n e  represents  the Cerenkov Counter and 
box. This i l l u s t r a t e s  how the guard counters 
guarded the L u c i te  l i g h t  p ipes o f  the Cerenkov 
counter.
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(Approximate ly one standard de v ia t io n )  and (4) no an t i -co in c id ence  
pu lse be generated by the two a n t i -co in c id e n c e  shower counters .  
Requirements ( I ) ,  ( 2 ) ,  and (4) were checked by a co inc idence,  a n t i -  
co inc idence u n i t  w i th  th resho ld  d is c r im in a to rs  (See Appendix I I ) .
The t h i r d  requirement was checked in less than 100 nanoseconds by a 
r a t i o  d is c r im in a to r  designed and b u i l t  in  the lab (See Appendix I I I ) .
I t  measured the v a r i a t i o n  r e l a t i v e  to  the sma l le r  o f  the two pu lses.
I f  the la rg e r  exceeded the sma l le r  by more than the al lowed percentage, 
an an t ico inc idence  pulse was generated. An important c h a r a c t e r i s t i c  
o f  t h i s  r a t i o  d is c r im in a to r  was th a t  i t  al lowed the percent v a r i a t i o n  
to  be a monotone decreasing fu n c t io n  o f  the sma l le r  pulse he igh t .
Th is  al lowed e f f e c t i v e  d is c r im in a t io n  aga inst  events in which an 
e x t ra  p a r t i c l e  t raversed one o f  the counters in the fo l lo w in g  way. 
Whereas a 40% v a r ia t i o n  would e l im in a te  an e x t ra  p a r t i c l e  at  l x  
minimum io n iz a t io n ,  a 40% v a r ia t i o n  at  4x minimum would be 1. 6x 
minimum and would not exclude an event where p o s s ib ly  a s in g le  fa s t  
e le c t ro n  was produced in one counte r .  However a 15% v a r ia t i o n  would 
e l im in a te  t h i s .  Consequently i f  the percent  v a r i a t i o n  decreased 
from 40% a t  l x  minimum to  15% a t  4x minimum, e f f e c t i v e  d i s c r im in a t io n  
aga ins t  e x t ra  p a r t i c l e s  could be accomplished.
4,  Pulse Measuring C i r c u i t r y .
I f  the fo u r  l o g ic  requirements were s a t i s f i e d ,  the two input  gates 
o f  the pu lse s to r in g  and sequencing u n i t  were enabled (Appendix V).
Th is  u n i t  s to red  the two simultaneous pulse he igh ts  and sequenced
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t h i s  pulse he igh t  In fo rmat ion  in to  the RIDL Model 34-8 200 channel 
pulse he igh t  ana lyzer w i th  a time separa t ion  g re a te r  than the 
maximum dead time requ ired  to  analyze a pu lse and record i t  in the 
memory. The analyzer was operated in an ex te rna l  programming mode.
This al lowed the pulse he igh t  in fo rm a t io n ,  a f t e r  being analyzed, 
to  be recorded in separate 100 channel subgroups o f  the 200 channel 
memory (Appendix V .3 ) .  The Cerenkov pu lse he igh ts  were recorded 
in channels 0-99  and the s c i n t i l l a t i o n  pu lse he igh ts  in channels 
100-199. Ten m i l l i se co n d s  a f t e r  the two pulses were analyzed and 
recorded in the memory, a s t o r e / p r i n t  command re la y  switched the 
analyzer from the s to re  mode to  the p r i n t  mode i n i t i a t i n g  a p r i n t  
cyc le .  The analyzer was operated in the auto-memory c le a r  mode 
which c leared the memory dur ing each p r i n t - o u t .  There fore each event 
cons is ted  o f  a 111"  s to red  at  one address in each h a l f  o f  the memory.
The p r i n t - o u t  device used was a T a l l y  Model 420 paper tape p e r f o r a t o r  
capable o f  60 characte rs  per second. Although a normal p r i n t - o u t  
onto paper tape requ i red  40 seconds f o r  200 channels, the analyzer 
was a l te re d  to complete a p r i n t - o u t  in 8 seconds. Only the two 
addresses at  which a " I "  was s to red  were p r in t e d .  Each event cons is ted  
o f  on ly  8 characte rs  on .8  inches o f  paper tape. These were two 
b lank ing  characte rs  to  separate events and 6 address d i g i t s  to  i d e n t i f y  
the two addresses such as 024 145. The t o t a l  dead t ime f o r  the 
record ing  o f  an event was 9 .2  seconds. Being com ple te ly  automated and 
re q u i r in g  o n ly  .8  inches o f  tape per event a l lowed the system to  record 
3600 events unattended.
The in fo rm a t ion  on paper tape was a u to m a t ic a l l y  converted 
on to  IBM cards f o r  computer a n a ly s is .
Chapter IV 
DATA AND RESULTS
I .  Data Accumulat ion Cond i t ions .
As mentioned p r e v io u s ly ,  the two s c i n t i l l a t i o n  pulses were fed 
to  preamps in the main lo g ic  u n i t .  The gains o f  the preamps were 
ad jus ted to  make the minimum io n iz a t io n  spectra  from the s c i n t i l l a t i o n  
counters co inc ide  as ne a r ly  as p oss ib le .  The maxima co inc ided
although the d i s t r i b u t i o n  from the lower counter was s l i g h t l y  wider
than th a t  o f  the upper coun te r .  BNC " T 1 connectors s p l i t  the ou tpu t  
o f  these preamps to  feed the s c i n t i l l a t i o n  pulses to  the two inputs  
o f  the r a t i o  d i s c r im in a to r  and through 100 nanosecond delays (100 
fee t  o f  RG 58-A/U 50 cable)  to  the two " d i s c r im in a t o r  and co inc idence 
pu lse shapers" (Appendix 11 .1 ) .  The two d is c r im in a to rs  were 
i n d i v i d u a l l y  ad jus ted as fo l lo w s .  The ou tpu t  on the f r o n t  panel o f
the main lo g ic  u n i t  (MLU) from the coinc idence pulse shapers was
used to  t r i g g e r  a pu lse genera t ing  u n i t  which gated the ana lyzer .
The spectrum accumulated when not ga t ing  the ana lyzer  was a super­
p o s i t i o n  o f  the PMT noise and minimum io n iz a t io n ,  the l a t t e r  being 
we l l  out o f  the no ise.  While ga t in g  the analyzer the d i s c r im in a to rs  
were ad justed to  v i s u a l l y  e l im in a te  a l l  pu lses less than , 7x the 
minimum io n iz a t io n  peak. The ou tpu ts  from the two co inc idence pulse 
shapers were I n t e r n a l l y  connected to  the coinc idence input  o f  the 
diode co in c iden ce -an t ico inc idence  c i r c u i t  (Appendix 11.3) .
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The an t ico inc idence  d is c r im in a to rs  (Appendix 11.2) were ad justed 
e s s e n t i a l l y  the same way except the d is c r im in a to rs  were set at  . 5x 
minimum. No preamp or delay preceded these d i s c r im in a to rs .  A lso 
s ince the shower counter pulses were nega t ive ,  they were inver ted  
by a l : i  pu lse t rans fo rmer  to  produce p o s i t i v e  input pulses f o r  the 
analyzer .
The r a t i o  d i s c r im in a to r  was ad jus ted us ing a mercury pu lse r  
which generated p o s i t i v e  pulses w i th  a 2.2fis decay constant 
s im u la t ing  actual  PMT pu lses .  The ou tpu t  o f  t h i s  pu lse r  was s p l i t  
to  s imula te  two co inc id en t  s c i n t i l l a t i o n  counter pulses at the 
inputs  o f  the two s c i n t i l l a t i o n  pulse preamps in the MLU. These 
two preamps were wel l  matched f o r  r i s e  t ime and i n i t i a l  pu lse shape. 
The pu lse shapes were requ i red  to  be the same fo r  a t  leas t  100 
nanoseconds f o r  the r a t i o  d i s c r im in a to r  to  work p ro p e r ly .  The 
in d iv id u a l  gain c o n t ro ls  on the preanps were ad justed to  have the 
two pulses d i f f e r  by the chosen percentage a t  the r a t i o  d i s c r im in a to r  
inputs .  The r a t i o  d i s c r im in a to r  was ad jus ted  to  a l lo w  70% v a r i a t i o n  
a t  . 7*  minimum io n iz a t i o n ,  60% v a r i a t i o n  a t  minimum and 30% v a r ia t i o n  
a t  2x minimum. The d e t a i l s  o f  t h i s  type o f  adjustment are described 
in Appendix I I I .
With these adjustments made, the fou r  l o g ic  requirements l i s t e d  
in 111 A  were imposed.
A m p l i f i e r  s e t t in g s  to  determine the range covered by the analyzer 
were made as fo l lo w s .  A switch on the i n h i b i t  c i r c u i t  board (Appendix
11.4, J -4 )  d isab led the i n h i b i t  c i r c u i t  so th a t  the 9 .2  second dead­
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time per event was e l im in a te d  and the analyzer remained in the s to re  
mode. This al lowed the simultaneous accumulat ion o f  minimum 
io n iz a t io n  spectra  from the Cerenkov counter and the sum o f  the 
s c i n t i l l a t i o n  counters .  The a m p l i f i c a t i o n  o f  the sum o f  the s c i n t i l ­
l a t i o n  pulses was ad justed to  have the minimum io n iz a t io n  peak f a l l  
in channel 68 . The lower leve l  d i s c r im in a to r  o f  the analyzer was 
set a t  0 .98  which s h i f t e d  the analyzer zero 35 channels and put the 
minimum peak in channel 33. Th is  gave a re s o lu t io n  o f  135 channels 
per parameter w i th  the f i r s t  35 channels e l im in a te d .  The range o f  
s c i n t i l l a t i o n  covered was from £x to  2x minimum io n iz a t io n .  The 
a m p l i f i c a t i o n  o f  the Cerenkov pu lse was ad justed to  put the minimum 
io n iz a t io n  peak in channel 54 or  channel 19 a f t e r  the 35 channel zero 
s h i f t  o f  the ana lyzer .  The range covered by the Cerenkov counter f o r  
e l e c t r i c  charges was from ,7x to  2.7x minimum io n iz a t io n .  However, 
the range covered f o r  minimum io n iz in g  monopoles was from . 3x to  l , 2x 
minimum. Th is  put the minimum io n iz in g  monopole peak in channel 113.
With these s e t t in g s ,  10,214 events were accumulated in 2889 
minutes f o r  a net count ra te  o f  3.54 counts /m inute  o r  a net accepted
. i t  _2 - l  -  ]
f l u x  o f  F ■ 8 .7 8  x 10 cm sec s te r  . F>. is c a lc u la te d  inc c
Appendix X. With an event record ing  t ime o f  9 .2  seconds the l i v e
t ime/dead t ime r a t i o  was 1.85 or the system operated w i th  a 65%
l i v e  t ime.
I t  should be noted tha t  the r a t i o  d i s c r im in a to r  proved to  be an 
e f f e c t i v e  guard aga ins t  s o f t  showers and events in the counters .
The count ra te  w i th o u t  the r a t i o  d i s c r im in a to r  was approx imate ly
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40 counts /m inute .  R a t io  d i s c r im in a t io n  reduced the count ra te  by 
a fa c t o r  o f  11. The minimum io n iz a t io n  d i s t r i b u t i o n  from the 
s c i n t i l l a t i o n  counters  was g r e a t l y  improved as can be seen in 
F ig .  9. No no t iceab le  change was seen in the Cerenkov d i s t r i b u t i o n .
2. Computerized Data A na lys is .
The 10,214 events were converted from paper tape to  approx imate ly  
800 cards punching 78 characte rs  o r  13 events on each card. The data 
appeared as one long s t r i n g  o f  d i g i t s .  There were three d i g i t s  per 
address and i d e a l l y  every  o the r  address should have come from the 
same h a l f  o f  the memory. The f i r s t  address would be between 0-99 
and the second between 100-199, e t c .  However f o r  10% o f  the events ,  
no Cerenkov address was re g is te re d .  Th is  is not unreasonable 
cons ide r ing  th a t  the sma l les t  al lowed address was 35 whereas the 
Cerenkov peak f e l l  in channel 54. There was a lso  the p o s s i b i l i t y ,  
a l though never observed, o f  an event w i th  a Cerenkov address but an 
o f f - s c a l e  s c i n t i l l a t i o n  address. The computer d iscarded the s in g le  
address events in the fo l l o w in g  way. The computer looked fo r  a 0-99 
address fo l lowed  by a 100-199 address. I f  i t  found any number o f  
0-99  addresses to g e th e r ,  i t  d iscarded a l l  but the l a s t .  I f  i t  saw 
any number o f  100-199 addresses to g e th e r ,  i t  discarded a l l  but the 
f i r s t .  Whenever i t  found a 0-99 address fo l lowed  by a 100-199 address, 
the event was accepted. Th is s e le c t io n  process a l lowed one e r r o r .
Th is was a spur ious s in g le  0-99 address fo l lo w ed  by a spur ious s in g le  
100-199 address. However the p r o b a b i l i t y  o f  such an occurrence was 
less than ,001% and the p r o b a b i l i t y  o f  such an event y i e l d i n g  a 
r a t i o  to  c o n t r i b u te  to  the monopole f l u x  was s t i l l  sm a l le r .
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Fig.  9. Minimum Io n iza t io n  Spectra (a), using Rat io  D isc r im ina to r ,  (b). not using Ratio D isc r im ina to r  w
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For each good event ,  the computer added 35 to  the two addresses 
to  co r re c t  f o r  the zero s h i f t  o f  the analyzer and sub trac ted  100 
from the s c i n t i l l a t i o n  address since channel 100 was the zero fo r  
the second h a l f  o f  the memory. The Cerenkov address, s c i n t i l l a t i o n  
address and C e re n ko v /sc in t111 a t  ion r a t i o  were recorded f o r  each 
good event.  The Cerenkov and s c i n t i l l a t i o n  addresses were separa te ly  
accumulated and the f i n a l  two in d iv id u a l  pu lse he igh t  d i s t r i b u t i o n s  
p r in te d  fo r  9,2^0 good events . These are d isp layed in Figs. 10 and 11. 
A C e r e n k o v / s c in t i I l a t i o n  r a t i o  h is togram was p r in te d  f o r  r a t i o s  
between 0.001 and 5.001 w i th  r a t i o  i n t e r v a l s  o f  0.1  and is shown in 
F ig .  13. The exp lana t ion  f o r  the unusual l i m i t s  o f  t h i s  r a t i o  
h is togram is the fo l l o w in g .  For g rea te s t  r e s o lu t i o n  i t  i s  d e s i ra b le  
to  use as small  o f  an in te r v a l  w id th  f o r  the h is togram as poss ib le  
w i tho u t  having favored i n t e r v a l s .  The po ss ib le  r a t i o s  were l im i t e d  
to  q u o t ien ts  o f  in tegers  between 0 and 99. The computer put  a r a t i o  
r  in a g iven i n t e r v a l ,  [q ,  q + A )  i f  q s  r  <  q + A  . In o the r  words, 
the le f t - h a n d  end p o in t  o f  an in te r v a l  was inc luded.  A tab le  o f  A/B 
fo r  A, B between 0 and 99 shows th a t  the r a t i o  1.0 is  a s l i g h t l y  
favored number and when inc luded as a le f t - h a n d  end p o in t ,  makes the 
in te r v a l  [ 1 . 0 ,  1 .1) favored over [ . 9 ,  1 .0 ) .  By s h i f t i n g  the h is togram 
0 . 001 , the r a t i o  1.0  f e l l  in [ . 901 , 1. 001) e l im in a t i n g  the favored 
i n t e r v a l .
A r i t h m e t i c  means and standard d e v ia t io n s  were c a lc u la te d  fo r  
a l l  curves. To prov ide  a moni to r  o f  the system s t a b i l i t y  throughout 
the data accumulat ion, the same three curves were recorded f o r  each
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successive set o f  200 events w i th  the same c a l c u la t i o n  o f  the mean 
and standard d e v ia t io n .  Table I I  l i s t s  the means and standard 
dev ia t ion s  f o r  each 200 event set o f  curves. The Cerenkov mean 
d id  not correspond even c lo s e ly  to  the peak because the d i s t r i b u t i o n  
was cut o f f  below channel 35. However due to  the symmetry o f  the 
d i s t r i b u t i o n  and the c u t - o f f  the s ig n i f i c a n c e  o f  the mean was not 
a f fe c te d .  No apprec iab le  d r i f t  was noted f o r  t h i s  set o f  9,2^0 
good events. We should mention th a t  a prev ious set  o f  approx imate ly  
10,000  events d id  have to  be d iscarded because a d iscont inuous 
s h i f t  in the system response was found and t raced t o  a ma l func t ion  
in the pulse storage u n i t .
3. C a lc u la t io n  o f  the Monopole Flux
Before es t im a t ing  an upper l i m i t  f o r  the fa s t  monopole f l u x  i t  
was necessary to  determine how good a measure the C e re n k o v /s c in t i1- 
l a t i o n  r a t i o  peak was o f  the fa s t  s in g le  charge r a t i o .  I f  a targe 
number o f  slow p a r t i c l e s  were accepted which em it ted  a small Cerenkov 
pu lse and a large s c i n t i l l a t i o n  pu lse ,  the peak o f  the r a t i o  d i s t r i b u t i o n  
would be s h i f t e d  to  a s l i g h t l y  lesser  va lue.  An abundance o f  these 
slow p a r t i c l e s  would show up as a c o r r e l a t i o n  between the high s ide o f  
the s c i n t i l l a t i o n  d i s t r i b u t i o n  and the low s ide o f  the Cerenkov 
d i s t r i b u t i o n .  That such a c o r r e l a t i o n  is  poss ib le  may be seen by a 
ca re fu l  look a t  F ig .  1. Since the ana lyzer  zero was s h i f t e d  35 
channels, the Cerenkov pulses sma l le r  than the peak o f  the d i s t r i b u t i o n  
minus 20 channels (Peak *  5*0 were e l im in a te d .  We wish to  see i f  
events w i th  Cerenkov pulses sma l le r  than a s in g le  standard d e v ia t io n
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TABLE II
200 Event Cerenkov Cerenkov S c in t . S c ln t . C er /Sc ln t C er /Sc in t
Data Set Mean Std. Dev. Mean Std.  Dev Mean Std. Dev.
1 58.26 15.13 69.47 9 .86 0.85 0.23
2 58.15 13.63 68.42 10.68 0.87 0 .2 6
3 57.39 12.96 68.53 9 .82 0.85 0 .2 2
4 55.98 11.31 68.82 10.40 0.83 0 .2 2
5 56.11 14.14 67.67 10.34 0.85 0.24
6 56.63 12.90 67.19 9.50 0 .86 0.24
7 57.10 14.00 69.25 11.55 0.85 0.25
8 56.14 12.79 69.58 12.45 0.83 0.23
9 56.93 15.35 7.14 13.80 0.82 0.25
10 57.62 14.45 71.12 12.40 0.83 0.23
11 56.57 12.98 72.27 11.93 0.80 0 .2 2
12 56.05 15.51 71.70 12.79 0.80 0.24
13 58.14 15.30 72.87 13.79 0 .82 0.23
14 56.44 13.62 71.29 13.16 0.82 0.26
15 57.81 13.52 70.48 12.27 0.85 0.25
16 57.19 12.37 68.47 9.65 0.85 0.21
17 57.60 14.52 67.95 10.15 0 .86 0.23
18 56.58 11.27 68.58 9.58 0.84 0.21
19 56.61 13.72 68.59 10.51 0.85 0.26
20 57.54 11.52 69.17 9.35 0.85 0 .20
21 58.49 15.63 68.05 9.15 0 .88 0.30
22 57.82 14.50 66.36 9.72 0.89 0 .2 6
23 55.90 12.60 67.85 10.35 0.85 0.25
24 56.24 13.01 68.31 9.19 0.84 0.24
25 56.95 12.81 70.22 12.02 0.83 0.23
26 56.18 12.58 68.45 10.36 0.84 0.23
27 58.33 14.27 67.76 9.08 0.87 0 .2 2
28 56.00 13.42 68.07 8 .18 0.84 0.23
29 56.34 13.55 67.27 8.03 0.85 0 .22
30 57.10 14.67 68.10 8.35 0.85 0.25
31 55.81 11.60 67.53 7.89 0.84 0.19
32 57.44 13.41 67.50 7.90 0.87 0.24
33 56.75 12.64 67 .08 8 .02 0 .86 0 .2 2
34 55.05 11.37 68.37 7.46 0 .82 0.19
' 35 57.14 13.28 67.81 8 .1 2 0.85 0 .22
36 55.38 10.13 67.82 8 .5 6 0.83 0.19
37 55.74 11.22 67.37 8.59 0.84 0.19
38 56.94 15.51 67.38 8.30 0.86 0.27
39 55.53 13.36 67.25 8.79 0.84 0.24
40 55.78 13.36 67.72 8.01 0.84 0.23
41 56.86 14.24 67 .88 8 .58 0.85 0.24
42 57.15 12.17 67.00 8.48 0.87 0.21
43 56.64 15.48 67.55 8.97 0.85 0.27
44 58.00 13.45 67.60 8 .1 2 0.87 0.24
45 55.79 12.51 67.40 9.04 0.84 0.23
46 56.66 13.40 68.20 8 .66 0.85 0.23
less than the mean have the e f f e c t  o f  s h i f t i n g  the Cerenkov/ 
s c i n t i l l a t i o n  r a t i o  peak. The computer checked t h i s  as fo l lo w s .  
Beginning w i th  channel 35, the computer success ive ly  recorded the 
r a t i o  histograms fo r  a l l  events w i th  a Cerenkov pulse g rea te r  than 
channel x where x was increased in u n i t s  o f  5 channels. I f  the 
maxima o f  the r a t i o  h istogram was not increased f o r  Cerenkov above 
40 (Max. ■ 5*+, tJ ■ 1*0 we could assume l i t t l e  c o r r e l a t i o n .  The 
r a t i o  h is togram fo r  Cerenkov above *t0 is shown in F ig .  12 fo r  
comparison w i th  the net r a t i o  h is togram shown in F ig .  13.
As a f u r t h e r  and more p rec ise  check a t h e o r e t i c a l  r a t i o  h is togram 
was cons truc ted  using the actua l  Cerenkov and s c i n t i l l a t i o n  d i s t r i ­
bu t ions  and assuming the two to  be complete ly  independent as they 
would be f o r  fa s t  s ing ly -charged  p a r t i c l e s .  Th is was done as fo l lo w s .  
The actual pu lse he igh t  d i s t r i b u t i o n s  were in tege r  valued step
fu n c t io n s .  Cal l  the Cerenkov d i s t r i b u t i o n  Cf f ( x) where x is  an in teger
c
between 0 and 99. Likewise l e t  the s c i n t i l l a t i o n  d i s t r i b u t i o n  be
S ( x 1) where x 1 is  an in teger  between 0 and 99. The p r o b a b i l i t y  f o r  
s
a Cerenkov pu lse In the h a l f  open i n te r v a l  [m,n) is  g iven by
S i m i l a r l y ,  the p r o b a b i l i t y  f o r  a s c i n t i l l a t i o n  pulse in an in te rv a l
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We wish to  compute the p r o b a b i l i t y  o f  having x / x '  f a l l  In an 
in te rv a l  [ r , r  + A )  where r is  in [ 0 . 001 , 5 . 001]  and A  Is the r a t i o  
h istogram in te rv a l  w id th ,  0 .1 .  The p r o b a b i l i t y  o f  o b ta in in g  a 
r a t i o  l n [ r , r + A )  is
Pc s ( x / x '  in [ r . r  + A  ) )  -
£  S  <Lc (x)  s N x 1) I V . 3
X X 1 c s
x / x '  in [ r , r  + A)
The r e s t r i c t i o n s  on x and x ‘ are r £ x / x '  <  r+ A  or s ince x* is  
p o s i t i v e ,  r x '  £ x <  ( r+  A  ) x ' . Eq. I V . 3 becomes
Pcs ( x / x '  in [ r , r  + A  ) )  -
99 Ms
E E  C j C(x)  S ® (x ' )  IV .4
r x '  £ x  <  ( r  + A  ) x '  x ' * l  c s
Using Eq. IV .4 and s e le c t in g  A "  0.1 as in the experimenta l  r a t i o
h is togram, the computer c a lc u la te d  a r a t i o  h is togram using f o r
C(x) and S (x ' )  the actua l  experimenta l pu lse he igh t  d i s t r i b u t i o n s .
P o f  Eq. IV .4 is not normalized.  I t  was normalized to  N, the
number o f  events,  by c a l c u la t i n g  P /N .  Th is  gave a t h e o r e t i c a lc s
d i s t r i b u t i o n  w i th  the same area as the experimenta l  d i s t r i b u t i o n  
f o r  d i r e c t  comparison. The th e o r e t i c a l  r a t i o  h is togram is  compared 
to  the experimental one in F ig ,  14. These curves co inc id e  w i t h i n  
less than a s t a t i s t i c a l  f l u c t u a t i o n  ( ~ / n )  up t o  a r a t i o  o f  1. 6 .
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There the numbers become q u i te  sm a l l ,  but the agreement is  good in 
th a t  no co ns is ten t  v a r i a t i o n  o f  the experimenta l curve from the 
th e o re t i c a l  is  p resent .  Obta in ing  these r e s u l t s ,  i t  was assumed 
th a t  the exper imental r a t i o  h is togram maximum was a v a l i d  repre­
sen ta t ion  o f  the r a t i o  f o r  s in g le  fa s t  charges.
We wish to  c a lc u la te  an es t imate  o f  the upper l i m i t  on the 
f l u x  o f  minimum io n iz in g  magnetic monopoles at  the ear ths  sur face 
cons ide r ing  the Cerenkov and s c i n t i l l a t i o n  d i s t r i b u t i o n s  as being 
i ndependent.
The response o f  the p h o t o m u l t i p l i e r  tubes is a binomial
d i s t r i b u t i o n .  The a r i t h m e t i c  means and standard d e v ia t io n s  o f  the
Cerenkov and s c i n t i l l a t i o n  d i s t r i b u t i o n s  were p  ■ 58, <7 « 13.5 ■c c
23.3% U and u » 6 8 . 6 , a  ■ 10.1 -  14.7% U r e s p e c t i v e l y .  We c s s s
s h a l l  descr ibe  the Cerenkov counter  from t h i s  p o in t  by i t s  peak 
va lue £  ■ 54 so th a t  O’ ■ 25% M • Th is  g ives a more r e a l i s t i cC 0 0
es t imate  o f  the counter  performance. C a lc u la t io n s  o f  the l i g h t
c o l l e c t i o n  e f f i c i e n c i e s  o f  the counters  using these f i g u r e s  are
presented in Appendix IX. We sh a l l  a ls o  use these f i g u r e s  to
p r e d i c t  the p r o f i l e  o f  the expected Cerenkov d i s t r i b u t i o n  from
minimum io n iz in g  monopoles. As mentioned in sec t ions  11 1.1, 2, the
v a r i a t i o n  o f  the mean due to  geometry alone was ± 5% f o r  a l l  counters .
Th is leaves a c o n t r i b u t i o n  t o  the standard d e v ia t io n  from photon
s t a t i s t i c s  o f  o  P^oton ■ 20% u  and a  P^oton ■ 9.7% i i  . The Cerenkov c ~c s s
emission from a monopole should be enhanced by 2.25  over tha t  o f  a 
s im i l a r  po le  s t reng th  charge. For a b inomial  d i s t r i b u t i o n  2.25
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times as many photons g ive a monopole mean and standard d e v ia t i o n  o f
„ m.  2.25 Mc .nd  a mph0t° n.  / 2 . 2 5  c cph0t0n or  ( 20%/ / 2 . 25) v
13.3% due to  photon s t a t i s t i c s  o n ly .  Adding the 5% broadening
f a c t o r  due to  geometry, we have a t o t a l  standard d e v ia t i o n  o f  O’ -  18,3%m
. A p re d ic te d  Cerenkov d i s t r i b u t i o n  w i th  these parameters was con­
s t ru c te d  from the ac tua l  Cerenkov d i s t r i b u t i o n  us ing the t ra n s fo rm a t io n  
x '  -  2.25 ju + 1.65 (x  -  u  ) IV .5C w
where is the ac tua l  exper imenta l  Cerenkov peak and 1,65 represents
the increase in the standard d e v ia t io n  from 13.5  channels to  22.3
channel s. I f  u ■ 54, then u *122  and <j -  18.3% U ■ 22 . 3 channel s . c 'm  m m
Thus we have 22 .3 /13 .5  "  1.65. Th is  d i s t r i b u t i o n  was s u b s t i t u te d  for  
Mc
C (x)  in Eq. IV .4 to  o b ta in  the magnetic monopole r a t i o  h is togram, 
c
Th is  h is togram is  shown in Fig . 15 along w i t h  the a c tu a l  experimenta l
r a t i o  h is togram. Although the monopole d i s t r i b u t i o n  appears broader,
we must r e c a l l  t h a t  a  » 18.3% U whereas <y ■ 25% U . Since t h i s  h i s t o -m 'm  c c
gram was co n s t ru c te d  from the o r i g i n a l  9,240 good events us ing E q . lV .4 ,5  
the area under t h i s  p re d ic te d  monopole r a t i o  h is togram is  the same as 
the area under the exper imenta l  r a t i o  h is togram. The expected monopole 
mean is  c l e a r l y  de f ined  as between 1.7 and 1.8. We c a l c u la te  the mono­
po le  f l u x  as fo l l o w s .  We may ob ta in  the p r o b a b i l i t y  t h a t  the monopole 
produces a r a t i o  In any given in te r v a l  from the con s t ruc ted  monopole 
r a t i o  h is togram shown in  F ig .  15. Th is  p r o b a b i l i t y  ts the h e ig h t  o f  
the monopole r a t i o  h is togram in the se lec ted  in te r v a l  d iv id e d  by the 
t o t a l  number o f  events ,  9 .240. I f  we m u l t i p l y  the ac tua l  number o f  
events  in each i n te r v a l  o f  the exper imenta l  r a t i o  h is togram by the 
p r o b a b i l i t y  o f  a r a t i o  in  th a t  i n te r v a l  being a monopole, then the sum
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o f  these products  w i l l  y i e l d  the number o f  events c o n s is ten t  w i th  the
p red ic te d  monopole r a t i o  h istogram from the t o t a l  o f  9,240 events.
The monopole r a t i o  d i s t r i b u t i o n  is zero up to  0 .9  and the exper imental
r a t i o  d i s t r i b u t i o n  Is zero a f t e r  2.5 .  Table 111 l i s t s  the p r o b a b i l i t i e s
f o r  each In te rva l  o f  the monopole r a t i o  h istogram from 0.9  to  2.3 and
the c o n t r ib u t io n s  to  the monopole f l u x  from each exper imental r a t i o
i n t e r v a l .  The t o t a l  c o n t r i b u t io n  is 42.5 events. From t h i s  we ob ta in
an upper l i m i t  on monopole f l u x  o f  less than (42.5 /9240)F where F ■c c
- I f  . 2  -1
8.78 x 10 cm sec s te r  as c a lc u la te d  in Appendix X. The monopole 
f l u x  is  Fffl £ 4 .0  x 10 cm sec s te r  at  sea l e v e l .  This represents  
the upper l i m i t  on the number o f  magnetic charges in the range o f  0 .3x  
to  1 .2x minimum io n iz a t io n  not accompanied by loca l  showers. Monopoles 
producing loca l  o r  ex tens ive  showers were e l im in a ted  by the r a t i o  
d i s c r im in a to r  and the shower counters .
TABLE I I I
Experimental Probable
In te rv a l  P r o b a b i l i t y  # o f  events # o f  monopoles
[0 .901 , 1,001) 11/9240 1298 1.5
J . 0 0 1 , 1.101) 37/9240 728 2.9
: i . i o i f 1.201) 103/9240 451 5.0
: 1. 201 , 1.301) 225/9240 272 6 .6
: i . 301 , 1.401) 410/9240 151 6.7
[1 .401 , 1.501) 623/9240 84 5.7
; i .501, 1.601) 815/9240 55 4.9
: i .6o i , 1.701) 925/9240 30 3.0
[1 .701 , 1.801) 985/9240 29 3.1
[1 .801 , 1.901) 952/9240 11 1.1
[1 .901 , 2.001) 884/9240 10 1.0
[2 .001 , 2.101) 750/9240 4 .3
[2 .101 , 2.201) 624/9240 6 .4
[2 .201 , 2.301) 455/9240 6 .3
To ta l 42 .5
5 0 0
4 0 0 -
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FIG. 14. CERENKOV/ SCINTILLATION RATIO — THEORETICAL
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CERENKOV /  SCINTILLATION RATIO 
Fig . 15* The s o l i d  histogram is  the experimenta l ,  the dashed is  the pred ic ted  monopole r a t i o  histogram
Appendix I
THE ELECTROMAGNETIC FIELDS PRODUCED BY MAGNETIC MONOPOLES
For a homogeneous medium o f  r e f r a c t i v e  index / e p  the v e l o c i t y  
o f  I igh t  is c '=  c /  / t p  and w i t h i n  such a medium a cov a r ia n t  theory  
would be based on the v e l o c i t y  c ' . Thus to  w r i t e  Maxwel l 's  
equat ions in a form which is i n v a r ia n t  under a Lorentz t rans fo rm a t io n  
based on c 1 we use
H' -  / p  H 
E' » / e  E 
p' -  p //c
2 2 * 4and we sh a l l  a lso  use y % « ( 1 -  v / ( c ' )  ) . To inc lude magnetic
charge a we a lso  de f ine  a 1 ■ <rA/p. Since in general e ■ e(y) where u 
denotes frequency then we should p r o p e r ly  w r i t e  the Maxwell equations 
in a frequency component form. Using
+00
E(j/, t )  -  j  E^exp( i y t )dy and
- 0 0  *
+00
H ( y , t )  ■ J* HI e x p ( i l / t ) d p
•CO
w i th  e l e c t r i c  and magnetic cu r ren ts
+00 +» 
j ( l / , t )  -  J  j  e x p ( i y t ) d y  and l ( p f t )  -  J*  I e x p ( ip t ) d p




7 • y  ■  ' " V  s 7 *  Hv - 'V ~ rr -  j r .  V
V V 
H 1
v • H 1 -  ‘MW 1 ; » > £ ' ♦ !  V - * T  - ‘ ^ p  l „ '  .
K v v
A
In  the re s t  frame E  o f  the monopole a Coulomb magnetic f i e l d  is  
p resen t .  To o b ta in  the f i e l d  in the re s t  frame E  o f  the medium we 
t rans fo rm  the Coulomb f i e l d  using x ■ y  ( x - v t )  and t 1 ■ y  ( t - x — x)
(C ) 2
Since these t rans fo rm a t io ns  depend on the frequency then we must 
t rans fo rm  frequency components o f  a Fou r ie r  r e s o lu t i o n  o f  the f i e l d .  
Thus the f i e l d  a t  x ■ 0 o f  c y l i n d r i c a l  coord ina tes  w i th  ax is  x and 
ra d ia l  coo rd ina te  b is
1 * *  r ' v t  e *p ( “ i v t )
‘ V ’ x - t s L  f t ( ; , vt? + ; v / r  *
] ^  y ' b e x p ( - i l / t )
‘ V ’ b - T S J .  + b2-,3/2 d t
+co y ' v t r  1 b e x p ( - i p t )
* V ^ i b “ 73tF J*“  , p i  | * 2 2 ,3 /2  dt- »  c ' U y ' v t )  + b J
where y 1 and c 1 are eva luated at  the frequency p. Xb re fe r s  t o  the 
c i r c u l a r  f i e l d  about the a x is  x. We want t o  o b ta in  these f i e l d s  in 
a n a l y t i c a l  form. Considering the c i r c u l a r  t ransverse  e l e c t r i c  f i e l d  
f i r s t ,  us ing t o *  y ' v t / b  and X ■ b p /y 'v  we get
[c  M _ - c 1 r *  exp(- iAcd daj
‘ V i b  A n ' be- J „  (<12 ;  , , 3 / 2
54
which can be w r i t t e n
^ V ^ L b  “  “  Tff be' K] M  
Where K| is a mod i f ied  Bessel f u n c t io n .  W r i t in g  \  ■ kb and no t ing
2




El b '  “  "  J* i ?  k Kl (kb)
■CD
where t  was replaced by x / v .  The t ransverse magnetic f i e l d  is
(HI) . J _ r  g ' r ' e x p H f t )   d t
l V b  b 2[ ( l w t ) 2 ♦  . ] 3 / 2
b 2
This is o f  the same form as the expression f o r  the t ransverse  e l e c t r i c  
f i e l d  and so we ob ta in
V  ■ ? f  ^  «*CilS> *-0D U
The p a r a l l e l  magnetic f i e l d  is  given by
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or
( H | , ' ) x "  b f e  ( 2 k b K i ( k b ) )
Let £ « kb so i f i  -  - L  -  —5 d „  y 1 v ( y l ) 2y d v
where we neg lect  the l a s t  term to  get d/dv ■ ^ 7^  ^  so
< v ' ) x -  k  C 2 4 K |< 4 ,]
E 7 7  ' Ko <kb)
Thus
(H , ) x "  '  T l  J j * € C Ko (kb) e x p ( - ^ )  dV
ffv -®
For the case o f  a charge and w i th  p  « 1 t h i s  approach y ie ld s  e x a c t l y  
the same f i e l d  expression as obta ined by Fermi. For an a r b i t r a r y  p 
the f i e l d s  are ( r e c a l l  p 1 -  p / / e ,  0 * -  (7/ / p ,  H* - / p H ,  E* - / c E )
Hj . ( r a d ia l )  “  J  ^  >*1 exp ^  *
Hl ( c l r c u l a r )  ’  *  S **1 exp ^
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^ ( r a d i a l )  "  J* < m  > *1 •** C ^  dl'
^ ± ( c i r c u l a r )  -  -  /  ( f e  ) « ,  « P  C ^  *
Th is d isp lays  both charge and magnetic monopole f i e l d s .  The + sign
in f r o n t  o f  H . , x is  t o  emphasize the fa c t  th a t  the d i r e c t i o n  l ( c i r c u l a r ;
o f  the t ransverse magnetic f i e l d  produced by a moving charge obeys 
the r i g h t  hand ru le  whereas the t ransverse e l e c t r i c  f i e l d  produced 
by a moving monopole obeys the l e f t  hand r u le .
Appendix 11 
THE MAIN LOGIC UNIT
The main logic unit contains the threshold discriminators, 
coincidence anti-coincidence c irc u it ,  inh ib it c irc u itry  and 
4 general-purpose X7 amplifiers. The c ircu its  were constructed on 
6 plug-in boards which w il l  be referred to as J-1 through J -6 .
The schematic diagram o f  each board a long w i t h  p in  connect ions 
and a b r i e f  exp lana t ion  o f  the fu n c t io n  o f  each c i r c u i t  appears 
in the fo l l o w in g  sec t io ns .
1. Two Channel D is c r im in a to r  and Coincidence Pulse Shaper ( j - 1 ,
F ig .  A - l ) .
A p o s i t i v e  input  pu lse is a m p l i f i e d  by a one-s tage,  f a s t  
( r i s e t im e  ■ 60 ns . )  gain 8 a m p l i f i e r  fo l lowed  by a monostable 
m u l t i v i b r a t o r  which generates a 200ns. w id th  negat ive  pu lse o f  
8 v o l t s  ampl i tude.  The input  impedance o f  the a m p l i f i e r  is  
approx imate ly  225 ohms. There fo re ,  the 56 ohm input  r e s i s t o r  gives 
n e a r ly  a 50 0 input impedance a t  the BNC f r o n t  panel inpu t .  
D is c r im in a t io n  is  accomplished by reverse b ia s in g  the base o f  the 
t r i g g e r in g  t r a n s i s t o r  o f  the monostable. The leve l  con t ro l  is a 
10 tu rn  h e l i p o t .  The sma l les t  pu lse th a t  w i l l  generate a t im ing  
pu lse  is 100 mv. Two c i r c u i t s  l i k e  F ig .  A - l  are mounted on a s in g le  
p lu g - i n  board. The ou tpu ts  o f  these u n i t s  are i n t e r n a l l y  connected 
to  the coinc idence inputs  o f  J -3 ,  the co inc idence c i r c u i t .  The o u t ­
puts are a lso  connected to  BNC's on the f r o n t  panel f o r  general 
purpose use.
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+ 8 v o l t s
D is c r im in a to r ,  F ron t  Panel 
Inp u t ,  P o s i t i v e  Pulse 
Ground
- 8 v o l t s
Output ( Pin C, J-3 and Front Panel ) 
+ 8 v o l t s
D is c r im in a to r  ( F ront  Panel )
Input  ( P o s i t i v e  Pulse )
Ground
- 8 v o l t s
Output ( Pin C, J-3 and Front  Panel )
Fig . A - l .  Two Channel D is c r im in a to r  and Coincidence 
Pulse Shaper ( J-1 ).
59
2. Two Channel D is c r im in a to r  and A n t i -co in c id e n ce  Pulse Shaper
(J -2 ,  Fig . A - 2 ) .
Th is  board is  s im i l a r  to  J-1 except tha t  i t  requ i res  a negat ive  
input  pu lse and uses complementary t r a n s i s t o r s .  The p o s i t i v e  pu lse 
generated by the monostable is  1 ps long and connected i n t e r n a l l y  
to  the a n t i - c o in c id e n c e  inputs o f  J -3 .  The ou tpu t  a lso  goes t o  a 
BNC connector on the f r o n t  panel . Two c i r c u i t s  l i k e  F ig .  A-2 are 
mounted on a s in g le  board. The minimum accepted negat ive pulse is  
-40 mv.
3. Diode Coincidence and An t i -Co inc idence  w i th  S t o r e / P r i n t  Control
B is ta b le  M u l t i v i b r a t o r .
I f  co in c id e n t  pulses from the pu lse shapers appear a t  the 
coinc idence inpu ts ,  D-l  and D-2 are both cu t  o f f  producing a negat ive 
pu lse as p o in t  A goes to  -9  v o l t s .  However i f ,  a t  the same time 
a n .a n t i - c o in c id e n c e  p o s i t i v e  pulse appears, p o in t  A is  he ld  near 
ground c a n c e l l i n g  the negat ive pu lse.  Small negat ive pulses are 
generated by a s in g le  co inc idence input  pu lse but are e l im in a te d  by 
the diode d i s c r im in a to r .  Al though p o in t  A goes from approx imate ly  
-2  v o l t s  to  -8  v o l t s  a t  co inc idence,  the net pulse a f t e r  the diode 
d i s c r im in a to r  is  -2 .5  v o l t s .  Th is  pu tpu t  goes to  a BNC on the f r o n t  
panel to  be cable connected to  the i n h i b i t  gate input .
The S t o r e / P r i n t  c o n t ro l  b i s ta b le  requ i res  a p o s i t i v e  t r i g g e r .  
Th is  t r i g g e r  is  de r ived  from M-4 o f  J-U which Is t r ig g e re d  tw ice per 
cyc le  as exp la ined in the next s ec t io n .  The ou tpu t  o f  t h i s  b i s t a b le  
is d .c .  coupled to  a BNC on the f r o n t  panel .  This ou tpu t  c o n t ro ls
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+ 8 v o l t s ,  F i l t e r e d  as in  A - l  
D is c r im in a to r  (BNC, Front  Panel ) 
A t te n ua to r  ( BNC, Fron t  Panel )
Ground
- 8 v o l t s ,  F i l t e r e d  as in  A - l
Output ( Pin H, J-3 and BNC, Front  Panel )
+ 8 v o l t s ,  F i l t e r e d  as in  A - l  
D is c r im in a to r  ( BNC, Front  Panel ) 
A t te n u a to r  ( BNC, Front Panel )
Ground
- 8 v o l t s ,  F i l t e r e d  as in  A - l .
Output ( P in K, J-3 and BNC, Front  Panel )
Fig . A-2. Two Channel D is c r im in a to r  and A n t i -C o inc idence  
Pulse Shaper ( J-2 ) .
10 K ?I00K 2.2 K
01 LL A  •0 l /i Z N - 711
47  K
Fig. A~3(a). Diode Coincidence -  Ant i -Co inc idence C i r c u i t  ( J - 3 )•
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+ 8 v o l t s
Coincidence Input  { Pin M, J-1 )
Coincidence Input ( Pin Z, J-1 )
An t i -C o in c idence  Input ( Pin M, J“ 2 ) 
An t i -C o in c iden ce  Input ( Pin Z, J-2 )
Ground
Coincidence Output ( BNC -  Front  Panel ) 
S to r e /P r in t  Relay Pulse ( BNC -  Front  Panel )
T r ig g e r  from M-4 o f  J -4  ( BNC -  Front  Panel )
-  8 v o l t s
Fig . A -3 (b ) .  S to r e /P r i n t  Command Monostable. Th is c i r c u i t  
i s  a ls o  mounted on J-3.
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a re la y  d r i v e r  to  g ive  a s to re  o r  p r i n t  command f o r  the pulse 
he igh t  ana lyzer .
k.  I n h i b i t  C i r c u i t r y
The fu n c t io n  o f  the i n h i b i t  c i r c u i t  is to  d isab le  the pulse 
measuring system dur ing  pu lse he igh t  an a lys is  and subsequent data 
p r i n t - o u t .  I t  co n s is ts  o f  a normal ly  enabled s in g le  t r a n s i s t o r  
gate which is d isab led  less than 20ns a f t e r  passage o f  a coincidence 
pu lse .  The gate is d isab led  by the p o s i t i v e  t im in g  pulses generated 
by M-2, M-3, M-** and the Schmitt  t r i g g e r  t imer  (See F ig .  A - 4 . ( a ) ) .
M-l is t r ig g e re d  by the s in g le  co inc idence pu lse and generates a 
t r i g g e r  pu lse fo r  the pu lse s torage u n i t .  Th is  pu lse goes to  a 
BNC on the f r o n t  panel labe led " T r i g g e r " .  M-2 is  t r ig g e re d  on the 
lead ing  edge o f  M-l and d isab les  the gate f o r  10 m i l l i s e c o n d s  w h i le  
the counter  pu lses are s to r e d t analyzed, and recorded in the analyzer 
memory. M-3 is t r i g g e r e d  10 m i l l i s e c o n d s  a f t e r  coincidence on the 
t r a i l i n g  edge o f  M-2. The leading edge o f  M-3 t r i g g e r s  M-*t which 
t r i g g e r s  the b i s ta b le  on J -3  to  g ive  the PHA a p r i n t  command. 
S imultaneously  the 9 second Schmitt  t r i g g e r  t im ing  pulse is t r ig g e re d  
to  keep the gate d isab led  dur ing  analyzer p r i n t - o u t .  M-4 is t r ig g e re d  
again on the t r a i l i n g  edge o f  the 9 second t im ing  pu lse to  res to re  
the analyzer to  i t s  s to re  mode. The gate is  kept d isab led  dur ing  t h i s  
t r a n s i t i o n  by M-J+. The i n h i b i t  t ime is  determined by the c a p a c i to r ,
C, in the Schmitt  t r i g g e r  t im ing  c i r c u i t  (See F ig .  A - 6 ) .
The i n h i b i t  c i r c u i t  was o r i g i n a l l y  designed f o r  a camera r o l l i n g  
c i r c u i t  which advanced w i th  each throw o f  a s in g le  po le  double throw
COINCIDENCE
INPUT GATE 










t  *  0
Fig. A~^(a). I n h i b i t  C i r c u i t  Block Diagram. M = Monostable 
M u l t i v i b r a t o r ,  E.F. *  Em i t te r  Fo l lower,  DIFF
*  D i f f e r e n t i a t o r .  Po in t  0 is  the t r i g g e r  f o r  
the STORE/PRINT b is ta b le  of  J~3-
- e v « -
M - 1
A P  IOOK 2N-706 2N -706 IOOK











Fig. A~^(b). I n h i b i t  C i r c u i t ,  continued in  Fig. A-U(c).
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A -  8 v o l t s
D Gate Input  ( BNC -  Front Panel )
M * -  8 v o l t s  
R -  8 v o l t s
S Schmitt  Timer I n h i b i t  Input ( Pin B, J-6  )
T Schmit t  Timer T r ig g e r  ( P in  E, J -6  )
U Schmitt  Timer T r a i l i n g  Edge T r ig g e r  ( P in  C, J-6  )
V S t o r e / P r in t  Command T r ig g e r  ( BNC -  Front  Panel )
X Pulse Storage T r ig g e r  ( BNC -  Front  Panel )
A l l  diodes are lN -205 's .
Fig. A“ M c) .  I n h i b i t  C i r c u i t  ( J - l f  ) .
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switch o r  q u i te  s in g ly  w i th  each change o f  s ta te  o f  a re la y ,  in 
t h i s  case M-4 was t r ig g e re d  on ly  once per cyc le  and the i n h i b i t  
t ime was determined by M-2 and M-3 where M-2 determined the exposure 
t ime. Th is  u n i t  may be used w i th  such a camera s imply  by removing 
the Schmitt  t r i g g e r  board (J -6 )  and making the app rop r ia te  t im ing  
changes in M-2 and M-3.
5. x7 Preamps.
The s in g le  stage x7 a m p l i f i e r s  have an input impedance o f  
approximate ly 225 ohms. The ga in  con t ro l  g ives a res is tance  to 
ground o f  36 ohms fo r  extremal s e t t in g s  and 50 ohms fo r  the mid­
way s e t t i n g .  Hence the input impedance o f  the preamps is 36 to  50 
ohms depending on the ga in  s e t t i n g .  The e m i t te r  fo l lo w e r  ou tpu t  
g ives an ou tpu t  impedance o f  less than 10 ohms. This is  important  
because a t  leas t  3 separate 50 ohm cables can be d r ive n  by t h i s  
ou tpu t  w i th  no loss in l i n e a r i t y  and on ly  a s l i g h t  loss in ga in.
The a m p l i f i e r  has a r i s e  t ime o f  near 60 nanoseconds and is  e s p e c ia l l y  
good fo r  small  s ig n a ls .  The a m p l i f i e r  sa tu ra tes  a t  5.5  v o l t s  using 
a ± 8 v o l t  supply vo l tage .
6. Schmitt  T r ig g e r  Timer
The t r i g g e r i n g  t r a n s i s t o r  o f  t h i s  c i r c u i t  acts  as a sw i tch  to  
discharge the la rge  c a p a c i to r ,  C. A 100 ohm l i m i t i n g  r e s i s t o r  
p ro te c ts  the t r a n s i s t o r  but requ i res  the t r i g g e r  pu lse to  be a t  lea s t  
.01 seconds long to  f u l l y  d ischarge C. Once t h i s  t r a n s i s t o r  is  again 
open, C charges s low ly  through the 100K c o l l e c t o r  r e s i s t o r  t o  + 8 v o l t s .
X 7 AMP Emitter Follower
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27K <  10 K3 . 3  K
2N-706 2N-16I3
- W -
' . 0 5 /4
- 8  V
4  7 K 4.7 K
100/4
O u tp u t
56 0
A +  8 Volts H +  8 Volts N +  8 Volts V
B Ground J Ground P Ground W
C Input K Input R Input X
0 Output L Output S Output Y
E -  8 Volts M — 8 Volts T -  8 Volts




-  8 Volts
Fig. A- 5- x7 A m p l i f i e r .  Four such a m p l i f i e r s  are mounted on J~5.
A « ~
5.6 KIOOK
£N -1613 I IOOK
V W 2N-3905
l .« K  1.2 K
J -  6
+  8 Volts
Gate Inhibit (Pin S - J - 4 )  
M - 4  Trigger (Pin U - J - 4 )  
Trigger Input (Pin T - J - 4 )  
-  8 Volts
Fig. A-6. Schmitt Trigger Timer ( J-6 ) .
Although the time is determined by C and the c o l l e c t o r  r e s i s t o r  
(IOOK) o f  the t r i g g e r  t r a n s i s t o r ,  the a m p l i f i c a t i o n  makes the 
i n h i b i t  t ime cons iderab ly  longer than the RC t ime constan t .  The 
t ime j i t t e r  o f  t h i s  c i r c u i t  is  less than 5%. The ou tpu t  o f  t h i s  
c i r c u i t  is  D.C. coupled to  the i n h i b i t  gate o f  J-*t and coupled 
through a d i f f e r e n t i a t o r  to  M-4 o f  J -4 .  Thus Is t r ig g e re d  on 
the t r a i l i n g  t r a n s i t i o n  o f  t h i s  t im e r .
Append ix  I 11 
RATIO DISCRIMINATOR
The r a t i o  d i s c r im in a to r  samples p a i r s  o f  pulses and generates
an a n t i - c o ic id e n c e  pu lse when one pu lse exceeds the o th e r  by more
than a chosen percentage o f  the sma l le r  pu lse.  I t  accomplishes
t h i s  in less than 100 nanoseconds. The important p a r t  o f  the
c i r c u i t  is the s igna l  m ixer .  Consider the s igna l  mixer In F ig .  A -7 (a ) .
Let us say th a t  when Aj o r  A^ goes negat ive ,  an an t ico inc id ence
pulse is generated. We see th a t  when the pu lses ,  + 2V and + 2V,u &
appear on the p r im a r ie s  o f  the 1:1 pulse t rans fo rm ers ,  the pulses 
-  Vu and + are mixed through Rj and R^ to  g ive  a pu lse ,  A^.
Speci f i c a l l y
R R
^R] + R ^  V4 "  "  V  1
The c o n d i t io n  f o r  Aj. to  go negat ive  Is
VX < VU 2
Suppose we wish to  d is c r im in a te  aga ins t  events in which Vu exceeds
by more than 50%. Then ■ 1.5. Since Rj is  f i x e d ,  R^ ■ 2/3 Rj
In e x a c t l y  the same fash ion  one may pu t  s im i l a r  r e s t r i c t i o n s  on how 
much la rg e r  may be than V^. Note a lso  th a t  these se lec ted  a l lowed 
v a r ia t i o n s  need not be symmetric. One may f o r  example demand





Fig. A- 7(a).  Pulse Mixer f o r  the Rat io  
D is c r im in a to r .
To have a constant a l lowed percentage v a r i a t i o n  over a large 
range o f  pulses requ i res  a zero t r i g g e r  level  pulse generator ,  i f  
t h i s  t r i g g e r  leve l  is  not zero but some va lue,  -  A  , the al lowed 
v a r i a t i o n  w i l l  be a monotone decreasing fu n c t io n  o f  the pulse 
ampl i tude.  The c o n d i t io n a l  equat ion f o r  genera t ing  a pulse using 
Aj as t r i g g e r  would be
R1 , Rif
^ R ,  +  R ^  V X "  ^  +  R ^  V u  <  "  A  3
or
Ri a ( R1 +V > -  + —----L—— — ) V
Vu \  V jeR4 1
Let Rj/R^ “  1 +x where x is  the a l lowed percentage v a r i a t i o n  fo r  
A  “  0. We ob ta in
Vy > ( 1 + x + (2 + x) ^ - )  Ml  5
X
fo r  example9 i f  A "  100 mv., ■ 500 mv.# x ■ 20%
v u »  < ! . « >
I f  -  1 v o l t ,  Vu >  (1 .42)  Vt . I f  Wl  -  2 v o l t .  Vu > (1 .31) Vr
The r a t i o  d i s c r im in a to r  used in the lab cons is ted  o f  two pulse 
genera t ing  u n i t s  as in F ig .  A-7(b) proceeded by the pulse mixer .
The input  pulses were f i r s t  d i f f e r e n t i a t e d  to  g ive  a narrow spiked
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pu lse .  This a t tenuated the input by 2. The pulse transformers
were PE-5156 1:1 center  tapped t ransfo rmers and gave an a d d i t io n a l
a t te n u a t io n  o f  2. The net a t te n u a t io n  was
We sha l l  descr ibe the adjustments f o r  V > V*. A PMT pulseu /
s im u la to r  was used to  g ive a pulse a t  Aj equal to  our chosen va lue,
A “  20mv. The s e n s i t i v i t y  adjustment on the monostable was ad jus ted  
t o  generate a pulse w i th  t h i s  20mv. t r i g g e r .  The ou tpu t  o f  the PMT 
pulse s im u la to r  was then d iv ide d  w i th  a BNC "T*  connector to  
s imula te  the two s c i n t i l l a t i o n  counter inputs  in to  the two preamps 
o f  the main lo g ic  u n i t .  The two preamps used were very  we l l  matched 
f o r  r i s e  t imes and i n i t i a l  pulse shape. This was because the two 
input  pulses o f  the r a t i o  d i s c r im in a to r  are requ i red  to  match f o r  
a t  leas t  100 nanoseconds. The gains o f  the preamps were i n d i v i d u a l l y
i
ad jus ted to  have V ■ 800mv., and VI. ■ 500mv. The primes are used
U Ju
to  denote actua l  input  values and not values appearing on the secondary 
o f  the pu lse t rans fo rm ers .  A f t e r  an a t te n u a t io n  o f  t h i s  meant 
t h a t  Vu *  200mv,, ■ 125mv. was ad jus ted  to  the th resho ld  o f
genera t ing  an a n t i - c o in c id e n c e  pulse w i th  t h i s  inpu t .  With an 
experimenta l adjustment o f  t h i s  type ,  the unknown q u a n t i t y  is  x o f  
Eq. 5. We know tha t
1 + x  + (2 + x) -  1.6 
V4
Using A "  20mv., V. ■ 125mv., we o b ta in  x ■ 25%. Th is  means th a t  the 
l i m i t i n g  al lowed v a r i a t i o n  w i l l  be 25% as the Input pulses become 
very la rge compared to  A  .
.0 0 1
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Fig.  A~7(b). Rat io  D isc r im in a to r .  This c i r c u i t  is  f o r  A>B. An id e n t i c a l  a n t i -
coincidence pulse generator is used for B>A. Unlabeled transistors are 2N-3905.
Appendix IV 
HIGH GAIN AMPLIFIERS
These a m p l i f ie r s  have two stages w ith  an e m it te r  fo l lo w e r  
ou tpu t fo r  a low ou tpu t impedance. The ga in  c o n tro l on these a m p l i f ie r s  
is  the same as th a t  o f  the preamps o f  J -5 .  Thus the inpu t impedance 
v a r ie s  from 36 ohms to  50 ohms depending on the ga in s e t t in g .  The 
a m p l i f ie r s  are e s s e n t ia l l y  common base a m p l i f ie r s  and do not in v e r t  
the pu lse . They are fo r  p o s i t iv e  pu lses . The a m p l i fy in g  t r a n s is to r  
is c a r e fu l l y  biased to  a l lo w  a 10 v o l t  swing be fore  s a tu ra t io n  
using a 16 v o l t  supply vo ltage  (o r  ± 8 v o l t s ) .  The feedback in the 
f i r s t  stage is less than th a t o f  the second stage to  keep the 
a m p l i f ie r  more s ta b le  fo r  small s ig n a ls .  Each stage is  w e ll is o la te d .
A grounded aluminum s h ie ld  p h y s ic a l ly  separates the a m p l i f ie r  and 
the ou tpu t e m it te r  fo l lo w e r  to  avo id any feedback from the high 
c u r re n t  ou tpu t o f  the e m it te r  fo l lo w e r .  The b ias  on the f i r s t  
t r a n s is to r  o f  t h is  fo l lo w e r  a llow s a 10 v o l t  swing. A lthough th is  
lower b ias  a f fe c te d  the ve ry  small s igna l response o f  the fo l lo w e r ,  
t h is  d id  not m a tte r s ince  the sm a lle s t ou tpu t we used was 200 
m i l l i v o l t s .  The a m p l i f ie r  i t s e l f  has a gain o f  200. However because 
the maximum ga in  o f  the ga in c o n tro l  Is .8 ,  the  re s u l ta n t  maximum 
a m p l i f ie r  gain is  160. The minimum gain is  12. Th is  is  because the 
100 ohm po ten t iom e te r in the ga in  c o n tro l  cannot be ad jus ted  to  zero 
re s is ta n ce .
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FIG .A-8. HIGH GAIN AMPLIFIER
Appendix V
PULSE STORING AND SEQUENCING UNIT
1. General D e s c r ip t io n
F ig . A -9(a) d isp la ys  the bas ic  components o f  a pu lse s to r in g
and sequencing u n i t .  A coinc idence pu lse  t r ig g e r s  M-l enab ling
the norm a lly  d isab led  " w r i t e "  gate fo r  300 nano-seconds. The
s i l v e r  mica storage c a p a c ito r  is charged to  the input pu lse he igh t
and is o la te d  when the w r i t e  gate is  d isa b le d . M-2 is  t r ig g e re d
by M-l and determines the storage t im e . M-3 is  t r ig g e re d  on the
t r a i l i n g  edge o f  M-2 through a d i f f e r e n t i a t o r  and c loses the " re a d "
gate to  d ischarge the storage c a p a c ito r  through 2 .2k. U n its  l i k e
the above are used fo r  each parameter. They are id e n t ic a l  except
fo r  the storage times which must d i f f e r  by a t le a s t the maximum
dead time necessary fo r  pu lse he igh t a n a ly s is .  The f i r s t  pu lse
to  be analyzed does not have to  be s to red . However, the f i r s t
pu lse was s to red  fo r  10 microseconds to  avoid the t ra n s ie n ts  present
at co inc idence. The time o f  M-3 is  not c r i t i c a l .  10 /is was chosen
because in  t h is  time the storage c a p a c ito r  d ischarged almost
c o n p le te ly  (10 /is  ■ 4RC). A lso  the pu lse trans fo rm ers  had enough
inductance to  keep the t r a n s is to r  gate enabled fo r  10 / is .  The two 
26t r a n s is to r  gates used (see F ig . A -9(b) represent as h igh as 100 
Megohms impedance but any excess charge on the storage c a p a c ito r  
w i l l  s t i l l  leak o f f  in  less than 0 .5 seconds. Hence i f  the i n h ib i t  
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T r ig g e r  fo r  
► Labeling Pul;
F ig . A- 9 (a ). Pulse S to r ing  and Sequencing U n i t ,  B lock Diagram.
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2. Two-Transistor Gates
The pairs of transistors in each gate need to be matched.
100 ohm potentiometers adjust for very small mismatch to give a 
zero gate pedestal for no input signal. The inner potentials of a 
matched pair of transistors w ill  cancel each other when both 
transistors are saturated simultaneously. This is an advantage 
over single transistor gates which are inherently non-linear for 
smalI s ignat s,
The 250 ohm po ten tiom eters  shape the pu lse fo r  each pu lse 
tra ns fo rm er. The w id th  o f  the shaped pulses is p r im a r i l y  determined 
by M-l and M-3. I t  was found th a t  a 2 v o l t  pu lse enables the gate 
r a p id ly  and com ple te ly .
These gates are l in e a r  w i th in  5% over a range o f  50 from 200 
mv, to  lOv. The upper l i m i t  o f  the input vo lta g e  is determined by 
the breakdown vo lta ge  o f  the gate t r a n s is to r s .  A range o f  50 was 
more than s u f f i c i e n t  fo r  our use.
3. Analyzer External Programming C i r c u i t r y
The External programming c i r c u i t r y  o f  the ana lyzer a llow s us 
to  s im u ltaneous ly  operate the ana lyzer as several separate m u l t i ­
channel ana lyze rs . For the RIDL Model 3*+-8, 200 channel a n a lyze r ,  
the re  are p ro v is io n s  fo r  s to r in g  pulses in as many as fo u r  50 channel 
subgroups. We s tored pu lses in  two 100 channel subgroups. Th is  
mode o f  o p e ra t io n  w i l l  n o t ,  however, analyze as many as fo u r s im u l­
taneous pu lses, The ana lyzer has o n ly  a s in g le  analog to  d ig i t a l
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co n ve rte r  and can o n ly  analyze on a f i r s t - c o m e ,  f i r s t - s e r v e  bas is . 
The analyzed pu lse addresses are routed to  the separate memory 
subgroups by memory ro u t in g  pu lses at le a s t  s long and + 10 v o l ts  
in  am plitude c o in c id e n t  w i th  the inpu t pu lses . These ro u t in g  
pu lses are fed  in to  BNC connectors la b e l le d  A,B,C, and D on the 
rea r apron o f  the a n a lyze r .  When the s to r e - in  s e le c t  sw itch  is  on 
Externa l 5 0 's  ro u t in g  pu lses in to  A,B,C and D in co inc idence w ith  
the  inpu t pu lses w i l l  s to re  the inpu t in  the f i r s t ,  second, t h i r d  
or fo u r th  quadrant o f  the memory, re s p e c t iv e ly .  When on External 
100's ro u t in g  pu lses in to  A and C w i l l  s to re  the inpu ts  in the 
f i r s t  o r second h a l f  o f  the  memory re s p e c t iv e ly .  Any pu lse  not 
accompanied by a ro u t in g  pu lse  w i l l  be s to red  in the subgroup 
o f  the memory correspond ing to  the la s t  memory ro u t in g  pu lse . A 
l in e a r  gate on the inpu t o f  the ana lyzer is  c o n s ta n t ly  enabled fo r  
the non-co inc idence s to re  mode. I f  the prompt co inc idence sw itch  
on the f r o n t  panel o f  the ana lyzer is  up, the inpu t must be gated 
by a tyis long -10 v o l t  pu lse . There fo re  i f  the ana lyzer is  set 
to  be gated and we generate a memory ro u t in g  pu lse  and a co inc idence 
pu lse  to  accompany each inp u t p u lse , we are assured o f  no s t ra y  
pu lses being s to re d .
The pu lse  s to r in g  and sequencing u n i t  in F ig .  A -9(b) is  the 
c i r c u i t  necessary fo r  a s in g le  parameter. For d iscu ss io n  we w i l l  
r e fe r  to  parameter A and B where A is  sequenced in to  the ana lyzer 
f i r s t .  M-4 is  t r ig g e re d  a t  the same tim e th a t  the " re a d "  gate is
enabled. Th is  generates a + 16 v o l t ,  10/js pu lse to  go to  BNC-A 
on the rea r apron o f  the ana lyze r. The pu lse from the s i l v e r  
mica c a p a c ito r  d isch a rg in g  through 2 .2k w i l l  be s to red  in  channels 
0-99* M-5 Is a lso  t r ig g e re d  by M-4 and generates a co inc idence
pu lse to  accompany parameter A. Parameter A is s to red  fo r  10jus 
to  e l im in a te  the in te r fe re n c e  o f  the vo lta ge  t ra n s ie n ts  c reated a t 
co inc idence. Another s to r in g  u n i t  s to res  parameter B fo r  110/is. 
Thus the s imultaneous pu lses , A and B are s to red  a t co inc idence. 
IOjjs a f t e r  co inc idence A is  fed to  the ana lyze r. llOps a f t e r  
co inc idence B is fed to  the a n a lyze r .  The d i f fe re n c e  in  storage 
times o f  100/js exceeds the maximum time o f  70/is re q u ire d  to  analyze 
a f u l l  scale pu lse . Both parameters are accompanied by g a t in g  and 
memory la b e l in g  pu lses to  s to re  A in 0-99 and B in  100-199.
A c tu a l ly ,  we d id  not use two separate id e n t ic a l  u n i t s .  The 
parameter B u n i t  used the same M-l and M-6 as parameter A. That 
is ,  both " w r i t e "  gates were enabled by the same monostable and both 
co inc idence pu lses come from M-6 (see F ig .  A -9 (b ) ) .
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Fig , A—10(a) is  a b lo ck  diagram o f  the bas ic  u n i ts  necessary 
fo r  p a r a l l e l - t o - s e r i a l  convers ion o f  in fo rm a t io n  tn p a r t i c u la r  fo r  
the R1DL Model 34-8 pu lse he igh t ana lyze r. These u n i ts  are on the 
" S e r ia l  Converter" p lu g - in  board in the ana lyze r, A normal p r i n t ­
ou t mode operates as fo l lo w s .  A data r e g is te r  con ta ins  the number 
o f  counts s tored in each channel o f  the pu lse h e ig h t ana lyzer (PHA) 
memory. As the channel address is advanced, th ree  d ig i t s  id e n t i f y in g  
the address and 5 d ig i t s  g iv in g  the number o f  counts at th a t  address 
are presented s im u ltaneous ly  to  a p a r a l le l  to  s e r ia l  co n ve rte r .
Before the address is  advanced aga in , the p a r a l le l  to  s e r ia l  converte r 
sends t h is  simultaneous in fo rm a tio n  s e q u e n t ia l ly  to  a readout device 
which was in our case a Model 420 T a l ly  tape punch.
P a ra l le l  to  s e r ia l  convers ion is  achieved w i th  an o s c i l l a t o r
which generates counting pulses for a seria liz ing  scaler. The
s e r ia l i z in g  s c a la r  is  a set o f  4 b is ta b le  m u l t iv ib r a to r s .  These
2
4 b is ta b le s  toge the r generate 4 o r 16 d i f f e r e n t  s ta te s .  Each s ta te  
enables one AND gate. Hence the s e r ia l i z in g  r e g is te r  s e q u e n t ia l ly  
enables 16 AND gates. Each AND gate operates a readout gate to  
feed a cha rac te r to  the tape punch. The RIDL s e r ia l  con ve rte r 
was w ired  to  p r in t  out w i th  a ty p e w r i te r  o r  a paper tape punch. Only 
10 cha rac te rs  were necessary fo r  ty p e w r i te r  p r in t - o u t ,  3 address 
d i g i t s ,  a space ch a ra c te r ,  6 number o f  counts d i g i t s  and a tab-
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re lease ch a ra c te r .  There fo re , a rese t pu lse generator was connected 
to  the ten th  gate (e xc lud ing  the 0 gate o r  "Home" gate) to  reset 
the sca le r  to  zero and s ta r t  the scan over. On paper tape a space 
cha rac te r d id  no th ing  and a tab re lease ch a rac te r  punched an end o f  
1 ine ch a ra c te r .  The zero gate o r "Home" gate d id  not p r in t  a 
cha rac te r but advanced the address.
The abbrev ia ted p r in t - o u t  shortens the readout to  o n ly  addresses 
o f  channels which have s to red  one count. F ig .  A-10(b) shows the 
bas ic  changes necessary to  achieve t h i s .  The re la y  is  shown in the 
de-energ ized s ta te  corresponding to  the d isab led  s ta te  o f  the 2° 
sensing gate. Th is  2° sensing gate was b u i l t  on to  the 10° o r u n i ts  
s c a le r  board o f  the ana lyzer. In th is  s ta te ,  the rese t pu lse generator 
is connected to  the #1- AND gate. I t  is  connected to  th is  gate ra th e r  
than to  the #0- AND gate to  a l lo w  time fo r  the re la y  to  sw itch . Note 
th a t  the readout gate connections have a l l  been moved one to  the r ig h t  
and the #1 -  AND gate is connected to  the space cha rac te r gate.
Recall th a t  the space cha rac te r does no th ing  to  the paper tape punch.
I f  an address has no count in i t s  data r e g is te r ,  the sca la r  is  rese t 
and the address is  advanced as the #1 -  AND gate is d isa b le d . I f  
the re  is  a I in the address data r e g is te r ,  the 2° sensing gate w i l l  
be enabled connecting the rese t pu lse genera to r to  the #k -  AND gate 
and the three address d ig i t s  w i l l  be p r in te d .  With the ana lyzer in 
the auto-memory c le a r  mode ( i . e .  c le a rs  the memory as i t  p r in t s  o u t ) ,  
an abbrev ia ted  readout is  accomplished. Only those addresses whose 















Fig . A“ 10(a). Normal Mode o f  P a r a l le l - t o - S e r ia l  Conversion.
Sp* ■ T yp e w rite r  space
TC* ■ T yp e w rite r  tab re lease and c a r r ia g e  re tu rn











 6  0 - 0  + 20 volts
Fig . A” 10(b). A bbrev ia ted Mode o f  P a r a l le l - t o - S e r > 
Conversion.
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For each zero address, the s e r ia l  conve rte r scans on ly  the 0-AND gate
and the I-AND gate. Th is re qu ired  o n ly  two coun ting  pulses per
channel. The readout time is 2nt where n is the number o f  channels
in the memory and t  is the p e r io d  o f  the counting  pu lse fo r  the
readout device . The T a l ly  punch is capable o f  60 cha rac te rs  per 
second y ie ld in g  t  ■ 16-2/3 m i l l is e c o n d s .  For 200 channels we 
o b ta in  a p r in t  ou t time o f  6 .6  seconds. A lso , o n ly  0 .8  inches 
o f  tape are consumed fo r  each p r in t - o u t .
To compare t h is  to  a normal p r in t - o u t ,  re c a l l  th a t  f o r  each 
address, e leven AND gates are enabled. Th is p r in t - o u t  time fo r  200 
channels is  36.5 seconds. A lso , 1800 cha rac te rs  per event are punched 
on paper tape a t the ra te  o f  10 cha rac te rs  per inch. Th is  consumes 
15 fe e t  o f  paper tape fo r  a s in g le  event. When one fu r th e r  considers 
the fa c t  th a t  the tape to  card punch converts  a t  the ra te  o f  20 
cha rac te rs /second , one sees th a t  the convers ion time alone is 
reduced from 90 seconds to  0.*+ seconds per event. The advantages are 
c le a r.  Data was c o l le c te d  a t  a 68.5% l i v e  time and cou ld  be com ple te ly  
analyzed in c lu d in g  tape to  card conversion In less than one second per 
event (The computer analyzed 10,21*+ events in 33*+ seconds).
The c i r c u i t r y  re q u ire d  to  achieve the abbrev ia ted  p r in t - o u t  is
shown in  F ig . A -1 0 (c ) .  The c i r c u i t r y  in dashed box A was mounted on
an added p lu g -board . That o f  box B was in  the p a r a l le l  to  s e r ia l
ex te rn a l c o n tro l u n i t .  Th is  u n i t  con ta ined a re la y  t re e  to  generate
■■
the cha rac te rs  from 0 to  15. The re la y  t re e  cons is ted  o f  an 8 -  8 
re la y  (8 , not 8 ) ,  two *+ -  *+ re la ys  and fo u r  2 - 2  re la y s .  The la s t
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o f  the 2 - 2  re la ys  determined the cha rac te rs  and 15. Since these 
readout gates were not used, t h is  re la y  was disconnected from the 
tre e  and used to  co n tro l the rese t pu lse  generator connection . The 
th ree  re la y  con tac ts  were connected by a 3 p in  Jones p lug to  the 
top o f  the s e r ia l  co n ve rte r  board in the ana lyze r. The c i r c u i t  
in dashed box C was on t h is  board. That in box D was the sensing 
gate on the 10° sc a la r  board. A s in g le  po le  double throw sw itch  
changes the p r in t - o u t  mode from abbrev ia ted  to  normal by connecting 
the rese t pu lse genera to r to  the #11-AND gate. The re la y  then has 
no c o n tro l  over the re se t pu lse p o s i t io n  (F ig .  A -I0 (b $ , Th is  
a l t e r a t io n  a f fe c ts  the normal mode in one way. The #1-AND gate 
operates a space ch a rac te r  so th a t  each tab re lease ch a rac te r  is 
fo l lo w e d  by a space ch a ra c te r .  Th is  does not a f f e c t  the paper tape 
p r in t - o u t  and o n ly  s h i f t s  the ty p e w r i te r  p r in t - o u t  a s in g le  space to  
the r i g h t .
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Fig . A - lO (c ) .  C i r c u i t r y  f o r  co n ve rt in g  the RIDL Model 
3^-8 Pulse Height Ana lyzer to  the 
abbrev ia ted  p r in t - o u t .
Appendix V II 
AUTOMATED MULTI PARAMETER DATA COLLECTION
In summary, the complete automated data c o l le c t io n  system w i l l  
be described. The bas ic  u n i ts  are shown in F ig . A—11. Reference 
to  F ig . 7 may be u s e fu l .
I f  the lo g ic  requirements on the two s c i n t i l l a t i o n  pulses are 
met, a co inc idence pu lse  is  generated. The i n h ib i t  c i r c u i t  d isab les  
the measuring system fo r  9 seconds. A lso , a t r ig g e r  pu lse is generated 
in  the i n h ib i t  c i r c u i t  (M-l o f  J -4 )  f o r  the pu lse s to r in g  and 
sequencing u n i t .  Inputs  A and B are s to red  and sequenced in to  the 
ana lyzer accompanied by memory ro u t in g  pulses and ana lyzer ga t ing  
pu lses. 10 m i l l is e c o n d s  a f t e r  co inc idence the s ta te  o f  the b is ta b le  
o f  J-3 is  changed (by M-4 o f  J -4 ) e n e rg iz in g  the s t o r e / p r in t  re la y  
to  sw itch  the analyzer to  the p r in t  mode. The abbrev ia ted  p r in t - o u t  
is  accomplished in less than 8 seconds and the two addresses from 
each h a l f  o f  the memory punched onto paper tape by the Model 420 
T a l ly  tape p e r fo r a to r .  Another change o f  s ta te  o f  the s to r e / p r in t  
b is ta b le  de-energ izes the re la y  re tu rn in g  the ana lyzer to  the s to re  

























Fig. A ~ll. Automated Multiparameter Data Recording, 
Block Diagram.
Appendix V I I I
MISCELLANEOUS CIRCUITRY
t .  E m itte r  Fo llow er
The e m it te r  fo l lo w e r  shown in F ig . A-12 has an inp u t impedance 
in excess o f  400K ohms. The ou tpu t impedance is  less than 10 ohms. 
Th is  fo l lo w e r  is  l in e a r  w i th in  5% from 5 m i l l i v o l t s  to  7 v o l t s  and 
sa tu ra tes  s l i g h t l y  above 7 v o l t s  w ith  a 16 v o l t  supply vo lta ge  
(±  8 v o l t s ) .  I t s  low ou tp u t impedance makes i t  p a r t i c u la r l y  s u i ta b le  
fo r  d r iv in g  as many as fo u r  p a r a l le l  50 ohm cab les. The r is e  time is 
less than 30 nanoseconds. These p ro p e r t ie s  make t h is  fo l lo w e r  p a r­
t i c u l a r l y  s u i ta b le  f o r  PMT preamps. Th is  preamp is  used throughout 
where an ou tpu t is  re q u ire d  to  be l in e a r  and d r iv e  a 50 ohm cab le .
2. Pulse Adder (OR C i r c u i t )
Th is adder has an a t te n u a t io n  o f  n fo r  n in p u ts .  I f  a v o l ta g e ,
V appears a t  each o f  the in p u ts ,  the sum vo lta ge  is  a ls o  V. The 
vo lta g e  V a t o n ly  one input g ives the sum vo lta ge  o f  V /n . Adder 
re s is to r s  o f  4.7K are 100 times as la rge  as the 47 ohm input 
r e s is to r s  g iv in g  a v i r t u a l  feedback o f  1%.
3. PMT Socket W ir ing
RI th ru  R j2 are 330 k ilohm s. The h igh vo lta g e  supp ly  was set
fo r  1400 v o l t s .  The v a r ia b le  se r ie s  re s is ta n c e ,  R was used too
a d ju s t  the in d iv id u a l  tube supply vo lta ges  to  match the tube ga ins .
Rq was 2 megohms maximum. The maximum vo ltage  d iv id e r  c u r re n t  was
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approx im ate ly  .35 mi I I  lamps. A to ta l  o f  18 tubes were used 
rep resen ting  a net c u r re n t  d ra in  o f  6 ,3  mil lamps. The John Fluke 
Model 412A power supply was ra ted  a t 20 mi I t  lamps which was more 
than s u f f i c i e n t .
R^ was 100 kilohms f o r  the two inch RCA 63^2-A PMTs and 680 
kilohms fo r  the f i v e  inch RCA 8055 PMTs. The time constants  were 
approx im ate ly  1.5 jis. f o r  the two inch PMTs and 8^s. fo r  the f iv e  
inch PMTs. The ou tpu t was taken o f f  the ten th  dynode to  produce 
a p o s i t iv e  pu lse .
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F ig . A"15* S to re /P r in t  Relay D r ive r .
Appendix IX 
COUNTER PERFORMANCE
1. Cerenkov Counter L ig h t  C o l le c t io n  E f f ic ie n c y .
We c a lc u la te  the number o f  photons produced in the counter 
25w ith  the equation
N/L » a  [1 -  I  I T  "  T“ ]
p n Af  A1
where a  is  the  f in e  s t ru c tu re  constant and X̂ . ■ 300oJ?, Xj ■ 60008,
determined by the PMT response. We f in d  th a t  173 photons per inch
are produced in lu c i t e  fo r  ft ■ 1. Th is  means 1*75 photons are
produced in the to ta l  th ickness  o f  the counter.
We c a lc u la te  the number c o l le c te d  from the Cerenkov d is t r ib u t io n .
The response o f  the PMTs is  a b inomial d i s t r ib u t io n  because fo r  each
photon th a t  s t r i k e s  the photocathode, th e re  is  a p r o b a b i l i t y ,  p th a t
an e le c t ro n  w i l l  be re leased. From F ig . 3 we see th a t  the quantum
e f f ic ie n c y ,  p may be approximated by .1 over the response o f  the PMTl s,
We found th a t  p  -  5^, <7 ■ 13.5 ■ 25% . S u b tra c t in g  the ±  5%
0 0 0
geom etrica l v a r ia t io n  we have a  photon ■ 20% u  . For a b inom ialc c
d i s t r i b u t i o n ,  the best experimenta l measures o f  JA and a  are Ji ■ np
2
and a “  n p ( l -p )  where n is  the number o f  photons s t r i k i n g  the 
photo cathode and p is  the quantum e f f ic ie n c y  o f  the PMT. i f  p s .1 
we can solve fo r  nc , the number o f  photons c o l le c te d  in  the 
Cerenkov cou n te r.
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<*2 ■ ncp ( I  -  p)
( • 2ncp ) 2 -  ncp ( .9 )
.OOhn -  .9 c
nc ■ 225 photons
T h is  g ives a l i g h t  c o l le c t io n  e f f i c ie n c y  o f  225A75 “  ^7.5%.
2. S c i n t i l l a t i o n  Counter L ig h t  C o l le c t io n  E f f ic ie n c y
In p l a s t i c  s c i n t i l l a t o r  approx im ate ly  5 x 10 photons per inch 
are produced. The parameters fo r  the d i s t r ib u t i o n  o f  the  sum o f  
the s c i n t i l l a t i o n  counters are -  68 .6 , crs ■ 10.1 -  lh.7% o^ . 
S u b t ra c t in g  ± 5% geom etrica l v a r ia t io n  leaves photon *  1 0 % ^ .  
The same c a lc u la t io n  as the above g ives nfi *  900 photons. Th is  
means *+50 photons are c o l le c te d  in  each counter f o r  a l i g h t  
c o l le c t io n  e f f i c i e n t y  o f  approx im ate ly  1%.
Appendix X
CALCULATION OF THE NET FLUX ACCEPTED BY 
THE SYSTEM FOR A COUNT RATE OF 3 .5^  COUNTS/MINUTE
2
The two 1/^+m s c i n t i l l a t i o n  counters  were separated by 10
fe e t  o r 3.05 meters. A good approx im ation  o f  the s o l id  angle is
f l  ■ ^2  "  (•  25)m V(3.05m )^ ■ 0.0269 s te ra d ia n s .  
r
There fo re
F’c "  I o lkn \ l  no*o\ p a r t i c le s  s e c "1 c m ^ s t e r " 1(60 )(2 50 0 )(.026 9 )
F ■ 8 .78 x 10 ^ p a r t i c le s  se c^cm  ^ s te r
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